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ABSTRACT OF THE DISSERTATION 
Aromatic tolerance and utilization mechanisms of Rhodococcus opacus PD630 to produce value-
added products from lignin  
by 
William Raymond Henson 
Doctor of Philosophy in Energy, Environmental and Chemical Engineering 
Washington University in St. Louis, 2018 
Professor Tae Seok Moon, Chair 
 
 
Lignocellulosic biomass is a potential renewable feedstock for the microbial production 
of fuels and chemicals. For microbial utilization, lignocellulosic biomass must undergo 
pretreatment (e.g., thermochemical and enzymatic processing) to release fermentable sugars. 
Lignin comprises ~15-30% of lignocellulosic biomass, and lignin-derived aromatic compounds 
released during pretreatment can inhibit the microbial conversion of lignocellulosic sugars to 
bioproducts. Additionally, cost-effective separation of lignin and lignin by-products from 
lignocellulosic sugars remains a challenge, and current processes generate large waste streams 
that are typically burned or discarded. Thus, efforts are underway to improve microbial tolerance 
to lignin by-products and to develop approaches for valorizing waste lignin. Rhodococcus 
opacus PD630 is a promising biofuel production strain that can 1) consume lignocellulosic 
sugars, 2) accumulate large amounts of triacylglycerols (biodiesel precursors), and 3) tolerate 
and consume lignin-derived aromatic compounds. Understanding R. opacus aromatic tolerance 
and utilization mechanisms could lead to the development of this strain for cost-effective fuel 
and chemical production from lignocellulosic biomass. To this end, the aromatic tolerance and 
xiv 
 
utilization mechanisms of R. opacus were explored by combining adaptive evolution and -omics 
approaches. R. opacus was adaptively evolved on both individual and mixtures of lignin model 
compounds, and multiple mutants were identified with improved aromatic tolerance and 
utilization compared to the ancestral (wild-type) strain. Whole genome sequencing of adapted 
strains revealed genes with mutations across multiple adaptive evolutionary lineages that could 
affect aromatic tolerance and utilization. Transcriptomics of adapted strains using aromatic 
compounds as carbon sources elucidated degradation pathways for five lignin model compounds. 
Furthermore, knockout studies of upregulated aromatic transporters suggest that aromatic 
transport is an integral part of aromatic tolerance and utilization. Lipidomic analysis of one 
adapted strain showed that adaptation affected the outer membrane composition during growth 
using a lignin model compound as a sole carbon source, which could also affect aromatic 
tolerance and utilization. Finally, adapted strains demonstrated improved conversion of lignin 
model compounds into lipids, suggesting that R. opacus has promise as a biofuel production 
host. Together, these results provide new insight into aromatic tolerance and utilization 








Chapter 1: Applying adaptive evolution and 
omics approaches for lignin valorization 
 
1.1 Lignocellulosic biomass: potential renewable fuel and 
chemical feedstock 
Lignocellulosic biomass is a potential source of renewable fuels and chemicals that could 
reduce anthropomorphic greenhouse gas emissions and reduce humanity’s impact on the 
environment (1). Lignocellulosic biomass is defined as plant biomass containing a combination 
of three polymers (cellulose, hemicellulose, and lignin), and it has been proposed as an 
alternative to petroleum for fuel and chemical production. It is estimated that the United States 
can sustainably produce over 1 billion tons of biomass from plant products, such as corn stover, 
wheat straw, and sorghum (1). Because plants fix carbon dioxide from the atmosphere, biomass-
based fuels and chemicals generate less total net greenhouse gases than those derived from 
petroleum-derived feedstocks. Additionally, the largest component of lignocellulosic biomass, 
cellulose, is a polymeric form of glucose, which can be readily converted by microbes into a 
diversity of products through synthetic biology and metabolic engineering approaches (2-4). 
However, there are technical challenges (e.g., plant structural heterogeneity and deconstruction 
of lignocellulose) that must be addressed for cost-effective production of fuels and chemicals 
from this feedstock (5-7).  
1.2. Lignocellulosic biomass composition and deconstruction 
methods in a biorefinery 
Lignocellulosic biomass has a complex composition that prevents facile deconstruction 
for microbial conversion to fuels and chemicals. Plants have complex organizational structures 
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and many different cell types (6,8). Common among all plant cells is the cell wall, which 
contains differing amounts of cellulose, hemicellulose, and lignin. Cellulose comprises ~20-50% 
of lignocellulosic biomass, and its structure consists of glucose subunits joined by β-1,4-glucan 
linkages (7,9,10).  Hemicellulose comprises ~10 to 40% of lignocellulose, and contains pentose 
sugars, such as xylose and arabinose subunits, that are joined by four different types of carbon-
oxygen bonds (11) . Lignin comprises ~10-30% of lignocellulose and contains three primary 
subunits (H, G, and S lignin) that are connected by many different types of bonds (12,13). Lignin 
and hemicellulose surround long fibrils of cellulose, and the large diversity of linkages in lignin 
makes lignocellulosic biomass resistant to degradation (also referred to as “recalcitrance”) (6). 
There are ongoing efforts to engineer plant composition for increased susceptibility to different 
deconstruction methods (6,14-16).  
Multiple deconstruction approaches have been studied for their application in a 
biorefinery. Similar to a petroleum refinery, a biorefinery converts a carbon-rich feedstock 
(biomass) into valuable products (17). The general steps of a biorefinery (as discussed in this 
work) are 1) pretreatment, 2) fermentation, and 3) separation of the product from the 
fermentation broth (18). The pretreatment step is a generalized set of biomass deconstruction 
methods that convert lignocellulosic biomass into fermentable sugars. Earlier biomass 
deconstruction methods used dilute acid or dilute base to both remove lignin and hemicellulose 
and depolymerize cellulose into digestible sugars. The discovery of active cellulases has 
increased hydrolysis yields, and current pretreatment approaches include both chemical 
pretreatment and enzymatic hydrolysis steps (19).  The initial pretreatment step for 
lignocellulosic biomass is physical processing by grinding or ball milling to increase surface area 
for chemical pretreatment. Next, the biomass is chemically treated by a variety of methods to 
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remove lignin and hemicellulose from cellulose fibrils, and, in some cases, convert cellulose into 
digestible sugars. Common chemical pretreatments include dilute acid (20), steam explosion 
(21), ammonia fiber expansion (AFEX) (22,23), and ionic liquids (24).  However, each chemical 
pretreatment has costs and benefits. For example, some methods can generate inhibitory 
compounds that can affect the downstream fermentation (25,26). Another important issue is cost. 
Ionic liquids are a promising approach for deconstructing biomass, but they are expensive and 
can greatly increase the final cost of the desired fuel or chemical (27,28). Thus, tradeoffs occur 
between effectiveness, interactions with downstream fermentation and separations, and overall 
cost. These tradeoffs indicate a growing need to interface deconstruction methods with 
downstream microbial fermentation for improved titers, yields, and productivities (19).  
1.3. Lignin utilization and hybrid thermochemical/biological 
lignin conversion strategies 
Economic studies indicate that lignin utilization is an important factor for producing cost-
effective transportation fuels and bio-based chemicals. In most biorefineries, lignin is treated as a 
waste product, and it is typically burned for power generation (29,30). Many economic analyses 
indicate that feedstock cost and lignin utilization are important factors for economically feasible 
production of fuels and chemicals from lignocellulosic biomass (18,31). Some techno-economic 
analyses suggest using the carbon-rich lignin steams to produce co-products in order to lower the 
final cost of fuels and chemicals (32-34). However, many technical hurdles remain for efficient 
lignin utilization.  
Lignin utilization for fuel and chemical production requires both the depolymerization of 
lignin and conversion of aromatic compounds into valuable products. There are both 
thermochemical and biological methods for depolymerizing lignin. White and brown rot fungi 
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can depolymerize lignin using oxidative enzymes, but this approach has slow kinetics and low 
yields that are infeasible for large-scale biorefineries.  There are many thermochemical 
treatments for biomass and lignin waste streams to depolymerize lignin. Some of these 
approaches include pyrolysis (35), hydrogenation (36), and hydrogenolysis (37). However, due 
to the heterogeneous nature of lignin, these thermochemical approaches typically generate 
diverse aromatic compounds that are difficult to separate and have limited value.  
 One potential approach for utilization of lignin is a combined thermochemical and 
biological approach. In this approach, lignin is thermochemically converted into aromatic 
compounds, and then these aromatic compounds are fed to aromatic tolerant microbes for 
conversion into a single valuable product (38). There are multiple known aromatic degradation 
pathways in microbes that convert diverse aromatic compounds into central metabolites (39,40). 
First, funneling pathways modify aromatic functional groups to reduce the number of aromatic 
compounds into a handful of aromatic intermediates. Next, pathways, such as the β-ketoadipate 
pathway, convert aromatic intermediates into central metabolites. After conversion of aromatics 
into central metabolites, synthetic biology and metabolic engineering approaches can be used to 
produce a variety of products from these intermediates (41-44). This combined thermochemical 
and biological approach for lignin utilization leverages the fast kinetics and high yields of 
thermochemical treatments, with the ability of biological systems to convert diverse lignin-
derived aromatics into valuable products (38). However, many of the organisms with the ability 
to consume aromatic compounds are not well characterized, and aromatic tolerance mechanisms 
are not well understood (45).  
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1.4 Systems biology approaches to understanding aromatic 
tolerance and utilization 
Tolerance to aromatic compounds is the result of many interacting cellular systems. 
Aromatic compounds in lignocellulosic hydrosylates have been shown to increase lag phases and 
decrease growth rates in microbes, which negatively affects product titers, yields, and 
productivities (46-48). Most microbes also cannot tolerate high concentrations of aromatic 
compounds, and typical responses to aromatic compounds include activation of efflux pumps to 
remove aromatics, detoxification by degradation pathways, changes in membrane composition, 
modifications to energy metabolism, and the expression of chaperones to prevent protein 
misfolding (49-52). Because of the numerous effects of aromatic compounds on cellular growth 
and metabolism, a systems biology approach can provide a clearer picture for analyzing cellular 
responses to these toxic compounds (45,53).  
Systems biology approaches can be applied to determine mechanisms of tolerance to 
toxic compounds. Adaptive laboratory evolution uses selection pressure to generate mutant 
strains with an improved phenotype in certain growth conditions(54). This approach has been 
applied to improve growth using glucose (55), growth in high temperatures (56), and to identify 
stress response mechanisms (57). Adaptive evolution can also be combined with different -omics 
technologies to determine the mechanism behind the improved phenotypes (58). New sequencing 
technologies have enabled rapid, cheap DNA sequencing for analysis of adapted isolates (59,60). 
RNA-Sequencing can determine genome-wide expression differences between strains and 
growth conditions (61). Metabolomics and lipidomics can identify changes in central metabolites 
or cell membranes between experimental conditions (62-64). Together, these technologies enable 
6 
 
a deeper characterization of microbial phenotypes that can be applied to understand complex 
mechanisms such as aromatic tolerance.  
1.5. Rhodococcus opacus PD630 as a promising host for 
lignin valorization 
Rhodococcus opacus PD630 is a promising new biofuel production host that can 
potentially use both lignocellulosic hydrolysates and lignin waste streams. Rhodococcus opacus 
PD630 is an actinomycete that can consume many different carbon sources and accumulate up to 
~70% of its cell dry weight as triacylglycerol using lignocellulosic sugars (65-69). This strain 
also contains pathways for degrading aromatic compounds (39,70), and it has demonstrated a 
high tolerance to lignin model compounds, such as hydroxybenzoate and vanillate (71-73). This 
strain also has genetic engineering tools such as plasmids for gene expression, and more recently, 
constitutive and inducible promoters available for genetic engineering (74,75). Thus, this 
bacteria could be integrated into a hybrid thermochemical-biological system for lignin 
valorization (76). However, its aromatic tolerance and utilization mechanisms are relatively 
unexplored. Understanding these mechanisms could lead to the development of this strain as a 
chassis for bio-based fuel and chemical production using both lignocellulosic sugars and lignin 
as feedstocks. 
1.6. Summary and organization of thesis  
The objective of this dissertation is to understand aromatic tolerance and utilization 
mechanisms in Rhodococcus opacus PD630. The major research questions addressed in this 
thesis are: 1) What are the aromatic utilization pathways present in R. opacus? 2) What is the 
genetic or transcriptomic basis of aromatic tolerance and utilization in R. opacus? 3) Can 
adaptive evolution be applied for improving R. opacus growth using lignin model compounds? 
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4) Does the R. opacus lipid metabolism play a role in aromatic tolerance and utilization? In this 
dissertation, I apply multiple approaches for understanding Rhodococcus opacus aromatic 
tolerance and utilization towards the goal of upgrading lignin to valuable fuels and chemicals, 
such as adaptive evolution, genomics, transcriptomics, metabolomics, and lipidomics. This 
dissertation is organized into three parts: Chapter 2 focuses on combining adaptive evolution 
with genomics and transcriptomics to understand aromatic tolerance and utilization mechanisms 
for a single lignin model compound, phenol. Using these approaches, multiple phenol adapted 
strains demonstrated improved growth compared to the ancestral (wild-type, WT) strain, 
multiple mutations were identified in adapted strains, phenol degradation pathways were 
identified, and adapted strains showed improved lipid production using phenol as a sole carbon 
source. In Chapter 3, the multi-omics approach was expanded by adapting R. opacus to both 
individual and mixtures of five lignin model compounds and analyzing six evolutionary lineages. 
Many lineages contained mutations in the same genes that could affect aromatic tolerance and 
utilization. Transcriptomics identified consumption pathways for all five lignin model 
compounds, and knockout studies verified consumption pathways through the β-ketoadipate 
pathway. Aromatic transporters were also implicated in aromatic tolerance and utilization. In 
Chapter 4, a lipidomics approach was applied to explore the relationship between lipid 
metabolism and aromatic tolerance and utilization.  The carbon number (i.e., the number of 
carbons on lipid acyl chains) and the double bond number (i.e., the double of bonds on lipid acyl 
chains) was modified for both a phenol-adapted R. opacus strain and the WT strain during 
growth in phenol compared to glucose as a sole carbon source for multiple membrane lipid 
classes. Furthermore, the phenol adapted strain had significantly shorter outer membrane lipids 
(mycolic acids) than the WT strain using phenol as a sole carbon source, indicating that phenol 
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adaptation modified the adapted strain’s response to phenol. Chapter 5 summarizes the research 
findings and discusses future directions for research.  
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Chapter 2: Comparative transcriptomics 
elucidates adaptive phenol tolerance and 
utilization in lipid-accumulating Rhodococcus 
opacus PD630 
 
Reprinted with permission from Yoneda A.*, Henson W.R.*, Goldner N.K., Park K.J., Forsberg 
K.J., Kim S.J., Pesesky M.W., Foston M., Dantas G., Moon T.S. Comparative transcriptomics 
elucidates adaptive phenol tolerance and utilization in lipid-accumulating Rhodococcus opacus 
PD630. Nucleic Acids Research, 44, 2240-2255 (2016).   * = equal contribution. I performed 
adaptive evolution, growth and lipid assays, assisted in transcriptomics analysis, and wrote the 
manuscript.  
 
Understanding aromatic tolerance and utilization mechanisms of promising bacterial 
hosts is a key challenge for combined thermochemical/biological processes for lignin 
bioconversion. This chapter focuses on understanding aromatic tolerance and utilization 
mechanisms by performing adaptive evolution using phenol, a lignin model compound, as a sole 
carbon source, followed by genomic and transcriptomic analysis of the WT and adapted isolates.  
 
2.1 Abstract 
Lignin-derived (e.g. phenolic) compounds can compromise the bioconversion of 
lignocellulosic biomass to fuels and chemicals due to their toxicity and recalcitrance. The lipid-
accumulating bacterium Rhodococcus opacus PD630 has recently emerged as a promising 
microbial host for lignocellulose conversion to value-added products due to its natural ability to 
tolerate and utilize phenolics. To gain a better understanding of its phenolic tolerance and 
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utilization mechanisms, we adaptively evolved R. opacus over 40 passages using phenol as its 
sole carbon source (up to 373% growth improvement over wild-type), and extensively 
characterized two strains from passages 33 and 40. The two adapted strains showed higher 
phenol consumption rates (∼20 mg/l/h) and ∼2-fold higher lipid production from phenol than the 
wild-type strain. Whole-genome sequencing and comparative transcriptomics identified highly-
upregulated degradation pathways and putative transporters for phenol in both adapted strains, 
highlighting the important linkage between mechanisms of regulated phenol uptake, utilization, 
and evolved tolerance. Our study shows that the R. opacus mutants are likely to use their 
transporters to import phenol rather than export them, suggesting a new aromatic tolerance 
mechanism. The identified tolerance genes and pathways are promising candidates for future 
metabolic engineering in R. opacus for improved lignin conversion to lipid-based products.  
2.2 Introduction 
Lignocellulosic biomass, comprised of cellulose, hemicellulose, and lignin (1,2), remains 
an under-utilized substrate in sustainable microbial production of fuels and chemicals (3-6). One 
main challenge is that current biorefinery pretreatment approaches release diverse toxic 
degradation compounds from lignin during conversion of lignocellulosic biomass to fermentable 
sugars (7). These lignin degradation compounds include a wide array of phenolics that can 
severely inhibit microbial production of fuels or chemicals, leading to lower yields (8). 
Currently, unconverted lignin is typically burned to provide thermal energy onsite, but the 
amount of waste lignin is predicted to escalate as lignocellulose-based biorefinery output 
increases (4,9,10). 
Lignin, the second most abundant terrestrial polymer, constitutes ~15-30% of 
lignocellulose (11) and is more energy dense than cellulose and hemicellulose due to its higher 
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carbon-to-oxygen ratio. Unfortunately, lignin is much more difficult to depolymerize due to its 
complex molecular structure. Structural heterogeneity also leads to a broad spectrum of 
breakdown products, substantially compromising the efficiency of chemical catalysis approaches 
for product synthesis and purification. Some bacteria and fungi can consume lignin breakdown 
products and utilize them as carbon sources (12), potentiating fuel and chemical production via 
lignin consolidated bioprocessing (13-15). One such bacterium, Rhodococcus opacus, is a 
promising microbial host for converting lignocellulose to useful products due to its naturally 
robust lipid production and ability to both tolerate and metabolize diverse phenolic compounds 
(14,16-18).  
Rhodococcus strains are found in diverse environments (19,20) and can tolerate 
environmental stresses such as desiccation and high salinity (21,22) as well as chemical stresses 
such as high concentrations of butanol (23,24). Often isolated from polluted or contaminated 
environmental samples (25,26), R. opacus strains have a strong innate tolerance to benzene, 
toluene, and lignocellulosic hydrolysates from different sources (27,28) and can metabolize 
aromatic compounds (14,16). Rhodococcus species can convert aromatics to acetyl-CoA and 
succinyl-CoA (12,29), which are important precursors for converting phenolics to bioproducts 
(30). Originally isolated from soil at a gas works plant, R. opacus PD630 (hereafter R. opacus 
unless specified) is known to accumulate large amounts of the biodiesel precursors 
triacylglycerols (TAGs, up to 76% of cell dry weight) when using sugars as a carbon source. 
Thus, R. opacus has been a target strain for commercial-scale lipid production using sugars 
derived from lignocellulose (18,31-34).  
Growth inhibition by toxic compounds (either end-product or feedstock) is a major 
limiting factor for commercialization of biochemical processes (35,36). Developing production 
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hosts with natural tolerance to toxic inhibitors may significantly reduce time and efforts for host 
optimization. The tolerance capabilities of R. opacus are hypothesized to come from its highly 
hydrophobic cell wall (22) and/or its ability to consume a diverse array of compounds (20), but 
few studies have directly investigated phenolic tolerance mechanisms in this organism. While we 
have recently explored the central metabolism in wild-type (WT) R. opacus and found 
simultaneous utilization of glucose and phenol (i.e., no catabolite repression) using 13C-
metabolite fingerprinting (37), more work is necessary to thoroughly characterize the catabolic 
pathways of aromatic compounds and global metabolism to elucidate tolerance mechanisms in R. 
opacus. 
In this study, we adaptively evolved increased phenol tolerance of R. opacus by 
sequentially sub-culturing in phenol as a sole carbon source and screening fast-growing mutants 
over 40 passages. We selected phenol as a model lignin degradation product to avoid the 
confounding effects of many compounds present in heterogeneous lignin degradation product 
streams. Phenol has a shared substructure to many of the compounds that can be derived from 
lignin (38), and it also has a similar level of toxicity to that of other compounds derived from 
lignin (39,40).  
 Even though previous studies have demonstrated bioconversion of lignocellulose-derived 
compounds into lipids by R. opacus (14,27,40-44), the connection between the tolerance 
phenotype and specific cellular mechanisms remains elusive. Here, we present a combined 
adaptive evolution/omics approach leveraging multiple phenol-adapted strains to identify 
possible mechanisms for phenolic tolerance and utilization in R. opacus (Supplementary Figure 
A.1). This approach builds on previous studies by examining multiple paths to phenolic tolerance 
from the same strain background and resolving these tolerance strategies by comparing the 
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transcriptomic response in different growth conditions. We performed adaptive evolution of R. 
opacus on increasing concentrations of phenol to select for increasingly tolerant strains and 
identified two high-performing strains through in-depth phenotyping. Next, we performed 
whole-genome sequencing of the selected strains to identify genomic alterations during adaptive 
evolution, and employed comparative transcriptomics to identify transcriptional changes between 
strains in different growth conditions (i.e., in glucose and different concentrations of phenol). 
This approach proved to be effective in gaining insights into tolerance mechanisms and 
identifying promising gene candidates that can facilitate future metabolic engineering efforts in 
Rhodococcus to produce fuels and chemicals directly from lignin breakdown products or from 
lignocellulosic hydrolysates rich in toxic lignin degradation compounds. 
2.3 Materials and Methods 
2.3.1. Adaptive evolution  
To increase the strain’s tolerance to phenol, R. opacus PD630 was adapted to grow in 
increasing concentrations of phenol for 40 successive subcultures. To start the experiment, the 
WT strain was grown in 2 mL of 0.3 g/L phenol for 2 days, and then subcultured at 0.3 g/L 
phenol with an initial OD600 of 0.03 during the first 10 subcultures. Once the culture reached an 
OD600 of 0.3 within 24-36 hours, the phenol concentration was increased in increments of 0.25 
g/L up to a final concentration of 1.5 g/L phenol. Frozen stocks of each subculture were saved 
for later testing. To pick phenol-tolerant strains, frozen stocks from intermediate subcultures 
were streaked onto minimal media plates supplemented with 1.5% agar containing 0.3 g/L 
phenol. From three of the intermediate subcultures (17, 26, and 33) and the final subculture (40), 
six colonies were picked for growth screening and lipid assays in 96 well plates. The two fastest 
growing strains with best lipid productivities (named evol33 and evol40) were chosen from this 
20 
 
screening for further analysis. For detailed growth conditions for other experiments and assays, 
see Supplementary Materials and Methods (Appendix A). 
2.3.2. Lipid assay 
The two best performing strains were chosen for lipid assays using Nile red. Growth 
experiments were started with single colonies from LB plates, and cells were cultured in 2 mL of 
0.3 g/L phenol in a 50 mL glass tube for 36-48 hours. Next, 2 mL of cells was subcultured in 10 
mL of 0.3 g/L phenol for 24 hours in a 50 mL glass tube. Next, 10 mL of cells was added to 140 
mL of 0.3 g/L phenol in a 250 mL flask and grown for 24 hours. Cells were centrifuged at 3000 
x g for 10 minutes, resuspended in carbon- and nitrogen-free media, and then each condition (1 
g/L glucose, 0.75 g/L phenol, or 1.5 g/L phenol) was tested for each strain with an initial OD600 = 
0.3 in low nitrogen conditions (0.05 g/L (NH4)2SO4) at a 10 mL volume in a 50 mL glass culture 
tube. Cells were stained by Nile red according to the reported method (45) with some 
modifications. Briefly, 200 μL of cell culture was stored in 20% DMSO at -20°C until staining. 
For staining, cells were centrifuged at 1000 x g and room temperature for 3 minutes and 
resuspended in 200 μL of 1x PBS. 5 μL of 1 mM Nile red in DMSO was added to each sample in 
a 96-well plate, which was subsequently incubated in the dark at room temperature for 30 
minutes. The plate was wrapped in foil, centrifuged at 1000 x g for 3 minutes, and washed twice 
with 0.9% NaCl solution. Flow cytometry analysis was performed using a Millipore Guava 
EasyCyte High Throughput flow cytometer with a 488 nm excitation laser and a 575 nm 
emission filter. For all data, at least 5,000 events were collected and gated by forward and side 
scatter. Samples were stained and analyzed on the same day to decrease variability. FlowJo 
(TreeStar Inc.) was used to obtain the arithmetic mean of the Nile red fluorescence distributions 
of stained cells, and the autofluorescence of unstained cells was subtracted from each 
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measurement value. Because of differences in lag phases between strains, the lipid productivity 
was calculated as the average change in Nile red fluorescence (per cell per time) between at least 
four time points taken from the exponential to the stationary phase.  
2.3.3. Illumina library preparation 
A protocol adapted from Bowman et al. and Fisher et al. (46,47) was used to generate 
Illumina sequencing libraries. Double-stranded cDNA (for RNA-Seq) or genomic DNA (for 
whole genome sequencing) in 50 µL elution buffer (Qiagen) was fragmented to 200-400 bp 
using Covaris E-220 and microTUBEs at a recommended setting by Covaris. ~50 µL of 
fragmented DNA in Buffer EB (Qiagen) was recovered from Covaris tubes and transferred to a 
semi-skirted 96-well PCR plate. 20 µL of end repair mix (7 µL 10x T4 ligase buffer, 2.8 µL 10 
mM dNTPs, 3.5 µL T4 polymerase, 3.5 µL T4 polynucleotide kinase, 0.7 µL E. coli DNA 
polymerase I, and 2.5 µL nuclease-free water; all enzymes were purchased from NEB) was 
added to the fragmented DNA to blunt and phosphorylate the ends at room temperature for 30 
minutes. 130 µL of AMPure XP beads (Agencourt) were added to each well to remove reagents 
from the previous step. The 96-well plate was placed on a magnetic plate after pipetting 
thoroughly to mix, and supernatant was discarded when it became clear. The beads with DNA on 
the walls of 96 wells were washed with 150 µL 80% ethanol once, before eluting the DNA with 
32 µL of water. 18 µL of dA-tailing mix (5 µL10x NEBuffer 2, 1 mM dATP, and 3 µL Klenow 
fragment (3’-5’ exo-)) was added to the beads with eluted DNA to add a dA-tail at 37ºC for 30 
minutes. After dA-tailing, 110 µL of 20% polyethylene glycol (PEG) 8000 in 2.5 M NaCl was 
used to precipitate DNA onto the magnetic beads. The plate was placed on a magnet again to 
collect DNA and washed with 80% ethanol. Barcoded adapters were added to the eluted DNA 
(20.5 µL water added to DNA with beads) to a 10:1 molar ratio, and 6.5 µL of ligation mix was 
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added to ligate adapters at room temperature for 20 minutes. 21 µL of 20% PEG in 2.5 M NaCl 
was added to precipitate DNA onto the beads, and two barcoded samples were pooled after 
washing for elution. Adapter-ligated DNA was then PCR-amplified using KAPA HiFi Hot start 
Readymix (KAPA Biosystems) and gel purified using a Zymoclean Gel DNA Recovery Kit 
(Zymo Research). The resulting purified DNA samples were quantified using a Qubit DNA HS 
kit, combined, and diluted with buffer EB to yield a 10 nM pool. 20 µL of the pool was 
submitted to HiSeq-2500 sequencing at the Center for Genome Sciences and Systems Biology, 
Washington University in St. Louis School of Medicine. For other details regarding DNA and 
RNA preparations, see Supplementary Materials and Methods (Appendix A). 
2.3.4. Genome sequencing and SNP analysis 
Raw Illumina reads were demultiplexed by barcodes and trimmed using an in-house 
Python script, and mapped to an indexed genome of R. opacus (both annotated supercontigs 
maintained by Broad Institute (Genbank#ABRH01000000 (20)) and the finished genome by 
Chinese Academy of Science (ASM59954v1 (48)) using Bowtie2 (49). The mapped SAM files 
were converted to sorted BAM files with BAM index files using SAMtools (50,51). SNPs and 
possible indels were analyzed using Pilon (52). SNPs that were also found in the WT strain were 
filtered out using an in-house Python script (see Supplementary Computational Methods, 
Appendix A). Additionally, MIRA (53) was used to confirm SNPs and indels predicted by Pilon. 
In addition to utilizing MIRA’s SNP detection function, we performed de novo-assembly of a 
genome for each strain using MIRA. Assembled genomes were then used to further confirm 
presence or absence of SNPs in each strain. This deep sequencing confirmation eliminated SNPs 
that were inconsistently found due to Illumina sequencing errors or biases during Illumina 
preparations. Table 2.1A shows all SNPs found in evolved strains and not in WT. 
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2.3.5. RNA-Seq data analysis 
After demultiplexing and trimming, raw Illumina reads were mapped to an indexed 
genome of R. opacus (both annotated supercontigs (20) and the finished genome (48)) using 
Bowtie2 (49). The mapped SAM files were converted to sorted BAM files with BAM index files 
using SAMtools (50,51). FeatureCounts (54) was used to count the number of reads per coding 
sequence, and the raw result was used for differential expression analysis using DESeq2 (55) as 
implemented in the R software package. 
2.4 Results  
2.4.1. Adaptive evolution of R. opacus using phenol as a sole carbon source  
In the adaptive evolution approach, we increased phenol concentrations in a minimal salts 
medium (MSM) over time to select for the fastest growing strains using phenol as a sole carbon 
source (Supplementary Figure A.1). Growth of the WT strain on phenol was characterized by a 
lag phase that increases with higher concentrations of phenol (Figure 2.1). To prevent long lag 
phases in adapted strains, cells were grown in non-inhibitory concentrations of phenol for the 
initial rounds of selection before increasing to inhibitory phenol concentrations. Serial transfers 
were performed when exponential phase was reached (optical density at 600 nm (OD600) of 
~0.3). For the total adaptive evolution experiment (40 serial passages), the estimated cumulative 
cell divisions (56) were ~6x109, assuming four doublings per subculture and an initial cell 
concentration of ~1x107 CFU/mL (colony forming unit per mL; initial OD600 of ~0.03 was 
experimentally determined to be ~1x107 CFU/mL). Over the course of the 40 serial transfers 
(~200 generations), six colonies each from passages 17, 26, 33, and 40 (total of 24 colonies) 
were randomly selected for high-throughput phenotypic screening, along with WT 
(Supplementary Figure A.1). We chose the two best-performing phenol-adapted strains based on 
24 
 
improved growth rate, biomass yields, and lipid yields: one derived from passage 33 (namely 
evol33) and the other from passage 40 (evol40). These two adapted strains were subjected to 
further phenotypic characterization (i.e., growth profiles and lipid accumulation assay), deep 
whole-genome sequencing, and comparative transcriptomic profiling by RNA-Seq. 
2.4.2. Phenotypic characterization of phenol-adapted strains 
To characterize improvements in tolerance from adaptive evolution, both adapted and WT strains 
were cultivated in a range of concentrations of phenol (Figure 2.1). We characterized phenol 
tolerance by comparing growth rates, final biomass accumulation (OD600), lag phases, and 
estimated IC50 (half maximal inhibitory concentration; Supplementary Figure A.2). The adapted 
strains evol33 and evol40 had 20% and 24% higher IC50 values than WT, respectively, after 45 
hrs of culture (p < 0.001 for both evol33 and evol40, one mean, two-tailed Student’s t-test). Both 
adapted strains also reached 22-373% higher cell densities (p < 0.05) than WT in all 
concentrations of phenol tested where growth was observed (0.75 – 2 g/L), with evol33 and 
evol40 having a 92% and 102% increase in OD600 at 1.5 g/L (p = 0.0005 and p = 0.0002, 
respectively) (Supplementary Table A.1). The lag phase of the adapted strains was 17-54% 
shorter compared to that of the WT strain, with evol33 showing a 46% shorter lag phase at 1.5 
g/L (p = 0.029) and evol40 showing a 34% shorter lag phase compared to WT (p = 0.054) 
(Supplementary Table A.2). The adapted strains also demonstrated significant growth rate 
increases at intermediate concentrations of phenol, with 30% and 38% increases in growth rates 
at 1.5 g/L for evol33 (p = 0.03) and evol40 (p = 0.04), respectively (Supplementary Table A.3). 
When cells were grown in 1.5 g/L phenol, we also observed significantly higher phenol 
consumption rates in the adapted strains compared to the WT strain (p = 0.002 and p = 0.003 for 
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evol33 and evol40, respectively), suggesting that phenol uptake, consumption, and growth are 
related (Supplementary Figure A.3).  
 
Figure 2.1. Growth comparison between the two phenol-adapted strains and the WT strain 
in diverse growth conditions. The adapted strains and the WT strain were grown in multiple 
concentrations of phenol as their sole carbon source to characterize improvements in tolerance 
after adaptive evolution (phenol concentrations as indicated; 1 g/L ammonium sulfate). The 
adapted strains grew to higher optical densities than the WT strain in all concentrations of phenol 
(Supplementary Table A.1), had shorter lag phases in higher concentrations of phenol 
(Supplementary Table A.2), and demonstrated growth even in 2 g/L phenol. White diamonds, 
grey squares, and black triangles represent WT, evol33, and evol40, respectively. Data show the 
average of six biological replicates grown in 96 well plates (with 200 μL culture each). The error 
bars represent one standard deviation.  
 
To determine whether adaptive evolution affected lipid accumulation, we measured lipid 
amounts under nitrogen-limited conditions using either glucose or phenol as a sole carbon source 
(Figure 2.2 and Supplementary Table A.4). WT R. opacus accumulates intracellular lipids in the 
form of TAGs under nitrogen limitation in the stationary phase (18). Strains were grown in 1 g/L 
glucose (“glucose”), 0.75 g/L phenol (“low phenol”), or 1.5 g/L phenol (“high phenol”) as sole 
carbon sources. Relative lipid amounts at different time points were estimated by staining cells 
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with Nile red and measuring single cell fluorescence, which has been used to characterize total 
lipid contents in many oleaginous organisms (15,45) and correlates well with total lipid content 
(Supplementary Figure A.4). Peak lipid accumulation occurs in the mid-stationary phase, 
followed by a decrease in lipid contents due to lipid consumption caused by extended carbon 
starvation. Because cells would be harvested at peak lipid accumulation for an industrial-scale 
process, we used the maximum Nile red fluorescence in the stationary phase to compare the lipid 
titer (Supplementary Table A.4) between strains. The adapted strains showed similar maximum 
Nile red fluorescence to that of the WT strain when grown in glucose (p = 0.1 and p = 0.09 for 
evol33 and evol40, respectively). In contrast, when grown in low phenol, evol33 and evol40 
showed a 2.5-fold (p = 5 x 10-5) and 1.9-fold (p = 0.001) increase in maximum Nile red 
fluorescence compared to WT, respectively (Supplementary Table A.4). The adapted strains also 
showed high lipid accumulation in high phenol (Supplementary Table A.4, Supplementary 
Figure A.5). In addition to titer, productivity is also an important factor for industrial scale 
processes, and we compared lipid productivity between strains by examining the average 
increase in Nile red fluorescence over time in exponential to stationary phase (Figure 2.2, 
Supplementary Table A.5, and Supplementary Figure A.5). Here, we define lipid productivity as 
the lipid amount per cell per unit time. In glucose, all three strains showed similar lipid 
productivities ranging from 7.8 to 8.4 arbitrary unit (a.u.) hr-1. While the WT strain demonstrated 
a lower lipid productivity in low phenol (5.8 a.u. hr-1), the adapted strains showed similar or 
higher lipid productivities in low phenol compared to glucose conditions (13.6 and 8.9 a.u. hr-1 
for evol33 and evol40, respectively). Compared to the WT strain, evol33 and evol40 has a 2.3- 
and 1.5-fold increase in lipid productivity in low phenol. The adapted strains also had higher 
lipid productivity in high phenol compared to glucose conditions (16.5 a.u. hr-1, p = 0.001 for 
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evol33; and 19.4 a.u. hr-1, p = 0.0001 for evol40). These results prompted us to further 
characterize these strains using whole-genome sequencing and RNA-Seq.  
 
Figure 2.2. Characterization of lipid accumulation. Comparison of total lipid (Nile red 
fluorescence) productivity between WT and the adapted strains. For all experiments, the nitrogen 
source was 0.05 g/L ammonium sulfate and an initial OD600 was 0.3 with a culture volume of 10 
mL. Glucose = 1 g/L, Low Phenol = 0.75 g/L, and High Phenol = 1.5 g/L. The data is the 
average of the arithmetic means of the Nile red fluorescence distribution obtained from three 
biological replicates. To take into account differences in the lag phase for each condition, time 
points were taken from the exponential to the stationary phase to determine the average increase 
in Nile red fluorescence over time for each condition. The asterisk indicates significant increases 
in lipid productivity compared to that of WT in the same condition (p < 0.05; one mean, two-
tailed Student’s t-test). No growth was observed for the WT strain in 1.5 g/L phenol (<1 cell 
doubling in 10 mL cultures). Error bars represent one standard deviation with all staining and 
flow cytometry measurements performed on the same day.  
 
2.4.3. Deep whole-genome sequencing of phenol-adapted strains 
We sequenced the genomes of phenol-adapted R. opacus strains evol33 and evol40 along 
with the original wild-type strain to > 90X-coverage. For a reference genome, we used both 
annotated supercontigs maintained by the Broad Institute (Genbank # ABRH01000000 (20); 
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OPAG_#s) and the finished genome by the Chinese Academy of Science (ASM59954v1 (48); 
LPD#s). Contrary to our initial expectations, there were no single nucleotide polymorphisms 
(SNPs) or insertion/deletions (indels) in promoter regions, transcriptional regulators, or sensors. 
In fact, the numbers of mutations were low, and when excluding mutations that were found in 
WT as well, there were only 3 consistent mutations (which were not due to sequencing errors) in 
evol40 and 4 mutations in evol33. While we explored the possibility of large duplications as 
genomes of Rhodococcus species are known to contain duplications (58,59,60), we could not 
obtain consistent large duplication prediction based on short read sequencing only. The three 
common point mutations shared in the genomes of both evol33 and evol40 (Table 2.1A) are the 
following: LPD03112, annotated as “cytochrome c oxidase/cytochrome aa3 quinol oxidase”, 
contained a Phe to Ser mutation at amino acid position 335. LPD03747, annotated as 
“dicarboxylate carrier protein/citrate transporter/MFS transporter”, contained an Ile296 to Phe 
mutation. The third shared mutation occurred in OPAG_05248, which is annotated as “acyl-CoA 
thioesterase II”, and had a silent mutation of G to A (Phe120) when mapped to the supercontigs 
(20). When mapped to the complete genome (48), however, this mutation occurred in an 
intergenic region between LPD04711 and LPD04712 (Table 2.1A). Regardless of the 
annotations, overall reads mapped to this region were very low (reads per kilobase of transcript 
per million reads (rpkm) 0-10) and not phenol-responsive (Tables 2.1B and 2.1C), suggesting 
caution when considering the biological implication of this mutation. evol33 additionally had a 
gene LPD00118 with a SNP; this gene is annotated as “4-hydroxyphenylacetate permease/MFS 
transporter” (Gly162 to Thr). Given two transporter/permease genes containing consistently 




Table 2.1. Single nucleotide polymorphisms (SNPs) found in the adapted strains. (A) All 
SNPs found in the adapted strains but not in the WT strain are summarized. The mutations were 
called by both Pilon and MIRA. (B) Expression levels of the genes listed in A, shown in 
DESeq2-normalized counts, using plotCounts function. (C) Expression levels of the same genes 
listed in A, in Reads per Kilobase of transcript per Million mapped reads (rpkm). Rpkm values 
are calculated as explained in the Materials and Method section, and the average of triplicate 
samples is shown. Glc, 1 g/L glucose; LowP, 0.75 g/L phenol; HighP, 1.5 g/L phenol. 
A. SNP summary 
Both Evol33 and Evol40 






acyl-CoA thioesterase II 
ttc ttt F120 to F (silent) 
LPD03112 OPAG_03447 
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LPD04711 3 6 2 10 13 3 12 4 
LPD04712 11 14 13 9 5 11 8 2 
LPD03112 2580 18633 2908 9718 12462 2373 13083 13086 
LPD03747 152 29 116 136 165 119 59 75 
LPD00118 376 64 289 312 343 312 163 165 
  


















LPD04711 2 3 1 5 6 2 7 2 
LPD04712 6 7 8 5 2 7 4 1 
LPD03112 152 900 189 498 591 153 753 697 
LPD03747 11 2 9 8 9 9 4 5 




2.4.4. Transcriptomic analysis of phenol-adapted strains 
Stress adaptation in evol33 and evol40 compared to WT.  
To investigate tolerance mechanisms further, we employed a comparative transcriptomic 
approach by sequencing ribosomal RNA-depleted total RNA from WT, evol33, and evol40 in 
the three medium conditions described in Materials and Methods. High phenol (1.5 g/L) was 
used for adapted strains only, since the wild-type strain did not reach adequate cell densities at 
this culture condition. High phenol condition data was used to assess whether the up- or down-
regulation of genes was phenol concentration-dependent. Three biological replicates of each 
strain and condition showed consistent gene expression results (Supplementary Figure A.7 and 
Figure 2.3; in Figure 2.3, each square on a heat map represents a biological replicate). In addition 
to coping with the low nutrient-culture conditions (cells were grown in minimal media with low 
nitrogen to promote lipid accumulation), cells came in contact with phenol, which is generally 
toxic to cell membranes and cellular macromolecules (61,62). As expected, multiple putative 
stress genes were upregulated due to nitrogen-limited growth conditions and the toxicity of 
phenol. Some of the annotated stress genes that were upregulated in all strains in phenol growth 
conditions were “DNA protection during starvation protein” LPD04106, “heat shock protein 20 
homolog” LPD07748, and “molecular chaperone DnaK” LPD02079 (Table 2.2 and 
Supplementary Table A.6, Sheet 13). LPD04106 was highly expressed in glucose, but even more 
upregulated in low phenol in WT and evol40 (Table 2.2 and Supplementary Table A.6). evol33 
showed modest upregulation of LPD04106 (2.64-fold) in low phenol. In adapted strains in high 
phenol, expression levels of LPD04106 were similar to that of glucose (no change in evol33 and 
1.3-fold downregulation in evol40). LPD07748 was highly upregulated in low phenol in all 
strains, but to a less extent in adapted strains in high phenol compared to low phenol (Table 2.2 
and Supplementary Table A.6). LPD02079 was 16-fold upregulated in WT in phenol, while it 
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was 3.1- to 6.3- fold upregulated in adapted strains in phenol (Table 2.2 and Supplementary 
Table A.6). These results suggest that adapted strains show less stress response to phenol-
containing media than WT. 
 
Figure 2.3. Transcriptomic and genomic information of genes involved in phenol 
degradation and utilization. Differential expression is shown for the phenol-responsive 
degradation operons, -ketoadipate pathway gene clusters, a putative phenol transporter gene, 
and transcriptional regulator genes. Raw counts were normalized using variance stabilizing 
transformation in DESeq2 to fit in the range of 20 across all genes. Darker colors indicate higher 
normalized counts (as shown in Color Key). Glc, 1 g/L glucose; LowP, 0.75 g/L phenol; and 
HighP, 1.5 g/L phenol. The color scheme is the same throughout Figures 3 and 4 for each step of 
the pathway. Each square on the heat map represents a biological replicate. 
 
Phenol degradation and utilization genes were highly upregulated in adapted strains.  
Genes that were more than 1024-fold upregulated in phenol compared to glucose across 
all strains were LPD06575 and LPD06576, which are annotated as “flavin-dependent 
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monooxygenase, reductase subunit/phenol monooxygenase reductase” and “4-
hydroxyphenylacetate 3-monooxygenase”, respectively. In addition to these two genes, 
LPD06740, LPD06741, and LPD06742 were also more than 1024-fold upregulated in phenol in 
evol33 and evol40 (Figure 2.3, Table 2.2, and Supplementary Figure A.8). LPD06740 and 
LPD06741 have high identity to LPD06575 and LPD06576, and are in the same orientation in 
tandem (Figure 2.4B). LPD06742 is annotated as catechol 1,2-dioxygenase (Figures 2.3 and 2.4). 
WT did upregulate the LPD06740 operon in phenol, but the expression levels were 3- to 18-fold 
lower than that of the adapted strains (Figure 2.3, Table 2.2, and Supplementary Figure A.8). 
LPD06575/LPD06740 and LPD6576/LPD06741 are likely to be small and large components of 
two-component phenol hydroxylase, where LPD06575/LPD06740 are flavin reductases and 
LPD6576/LPD06741 are NADH-dependent phenol hydroxylases, as there are reports of 
biochemically proven two-component phenol hydroxylases in other Rhodococcus species 
(63,64). Gene duplication of this region is also documented, and R. opacus strain 1CP is thought 
to have a third copy of the genes. Based on our transcriptional data, R. opacus appears to utilize 
both copies of the two-component phenol hydroxylase genes, but the adapted strains have the 
ability to upregulate the second copy (phenol degradation cluster #2; Figures 2.3 and 2.4B) more 
than the WT strain. Notably, the second copy of the phenol hydroxylase genes is directly 
upstream of a catechol 1,2-dioxygenase gene (Figure 2.4B), which is the first gene in the 
catechol branch of the -ketoadipate pathway (Figure 2.4A) (12). Both copies were tightly 
regulated by the presence of phenol, and AraC-family transcriptional regulators are found in the 
same operons (Figures 2.3 and 2.4B). Moreover, other downstream genes in the -ketoadipate 
pathway, such as muconolactone delta isomerase and muconate cycloisomerase, are upregulated 
more in the adapted strains, especially in high phenol (~2000-fold; Figures 2.3 and 2.4A), and 
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they are located in the same operon as IclR-family regulators (LPD05454, LPD06569, and 
LPD06698) (Figures 2.3 and 2.4A). We searched for genomic mutations near differentially 
regulated operons such as the phenol degradation cluster #2, but the closest SNP observed was 
over 2 Mbp upstream of differentially regulated genes in adapted strains, suggesting that the 
differential gene expression could be affected by an indirect cause, such as intracellular 
concentrations of regulatory molecules or metabolites. 
Table 2.2. Summarized log2 fold changes of selected genes (over glucose condition). WT 
LowP, WT in low phenol vs. glucose; evol33 LowP, evol33 in low phenol vs. glucose; evol33 
HighP, evol33 in high phenol vs. glucose; evol40 LowP, evol40 in low phenol vs. glucose; 
evol40 HighP, evol40 in high phenol vs. glucose. For DESeq2-normalized count data, counts are 
shown in each condition specified, rather than comparing to glucose (Glc, 1 g/L glucose; LowP, 
0.75 g/L phenol; HighP, 1.5 g/L phenol). Count numbers were obtained using plotCounts 
function of DESeq2 and averaging triplicate samples. More information of this chart can be 
found in Supplementary Table A.6.  











Genes with SNPs (* evol33 only) 
LPD03112 
Probable cytochrome c oxidase subunit 
1-alpha 2.83 1.75 2.09 2.46 2.45 
LPD03747 
Uncharacterized protein YfdE/MFS 





Acyl-CoA thioesterase II 
0.56 -0.12 -0.55 0.55 -1.03 
LPD00118* 
Putative tartrate transporter/4-
hydroxyphenylacetate permease -2.54 0.13 0.25 -1.25 -0.92 
Differentially expressed phenol degradation and utilization genes  
LPD05449 
Probable succinyl-CoA:3-ketoacid-
coenzyme A transferase subunit A 4.12 4.45 6.00 4.09 6.41 
LPD05450 
Protocatechuate 3,4-dioxygenase beta 
chain 4.78 6.39 8.07 5.73 8.24 
LPD05451 
Protocatechuate 3,4-dioxygenase alpha 
chain 4.84 6.08 7.72 5.92 8.15 
LPD05452 
3-carboxy-cis,cis-muconate 
cycloisomerase 6.14 5.75 7.55 5.26 7.81 
LPD05453 3-oxoadipate enol-lactonase 2 5.99 5.41 7.19 5.07 7.30 
LPD05454 Pca regulon regulatory protein 4.63 4.12 5.60 4.09 5.99 
LPD05455 Probable acetyl-CoA acyltransferase 4.10 3.69 5.08 3.73 5.23 
LPD06565 Xylose repressor 4.14 4.62 5.09 3.68 5.19 
LPD06566 Muconolactone Delta-isomerase 7.44 9.88 10.34 8.85 11.01 
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LPD06567 Muconate cycloisomerase 1 7.19 9.73 10.12 8.67 10.46 
LPD06568 Catechol 1,2-dioxygenase 6.33 9.27 9.81 8.03 9.99 
LPD06570 Catechol 1,2-dioxygenase  2.77 6.66 7.13 5.08 6.42 
LPD06575 
Two-component phenol hydroxylase, 
reductase component 12.57 12.51 12.11 12.88 12.21 
LPD06576 
Two-component phenol hydroxylase, 
oxygenase component 12.18 11.48 11.24 10.98 10.99 
LPD06740 
Two-component phenol hydroxylase, 
reductase component 9.36 12.53 12.52 11.34 11.37 
LPD06741 
Two-component phenol hydroxylase, 
oxygenase component 9.17 12.25 11.87 10.43 10.45 
LPD06742 Catechol 1,2-dioxygenase  8.36 11.97 11.53 9.95 9.94 
LPD06743 Putative 3-oxoadipate enol-lactonase 5.24 9.74 9.48 7.45 7.49 
LPD06744 Putative beta-ketoadipyl CoA thiolase 0.13 4.68 4.82 2.01 2.32 
Putative phenol transporters (> 2 fold up in HighP compared to Glc) 
LPD06699 Shikimate transporter 2.34 8.46 9.87 6.68 9.16 
LPD07505 Shikimate transporter -1.68 2.82 3.09 0.61 1.53 
Stress response genes 
LPD04106 
DNA protection during starvation 
protein 3.69 1.40 0.04 2.03 -0.44 
LPD07748 18 kDa antigen 2/heat shock protein 20 5.33 3.69 3.32 4.31 3.40 
LPD02079 Chaperone protein DnaK 4.00 1.63 2.48 2.66 2.24 
Highly expressed genes (count data below) 
LPD00472 Hypothetical protein/ porin protein -1.59 -0.72 -1.94 -0.84 -1.98 
LPD04147 Linear gramicidin synthase subunit C -1.15 -0.79 -1.81 -1.55 -2.51 
LPD03031 Nitrite extrusion protein 1 -0.32 -0.37 1.19 -0.15 1.49 
LPD03032 Nitrite reductase NAD(P)H large subunit -0.57 -1.37 0.94 -1.05 1.24 
LPD06131 
DNA-directed RNA polymerase subunit 
beta' 0.41 -0.64 0.22 -0.40 -0.04 
LPD06132 
DNA-directed RNA polymerase subunit 
beta 0.16 -0.25 0.17 -0.09 -0.03 
LPD05487 
ATP-dependent Clp protease ATP-
binding subunit ClpX -0.18 -0.28 -0.05 -0.07 0.45 
LPD06091 Elongation factor Tu -0.29 -0.91 0.36 -0.74 0.15 
LPD04933 Proteasome-associated ATPase 0.01 -0.42 -0.86 0.03 -0.67 
LPD04928 Proteasome subunit beta 0.12 -0.26 -0.53 -0.13 -0.64 
Expression levels of differentially expressed phenol degradation/utilization genes and highly expressed genes 
using plotCounts function (average counts from triplicate samples) 
 
















LPD05449 34 592 47 995 3036 46 784 4008 
LPD05450 25 702 30 2446 8167 35 1862 10944 
LPD05451 23 609 21 1472 4716 20 1236 5917 
LPD05452 27 2085 31 1626 5905 32 1233 7366 
LPD05453 32 2108 42 1803 6392 46 1511 7274 
LPD05454 44 1140 61 1065 3031 51 862 3286 
LPD05455 87 1525 101 1270 3411 100 1315 3793 
LPD06565 110 1962 145 3527 5008 128 1632 4750 
LPD06566 6 991 8 8152 11264 5 2407 10971 
LPD06567 48 7001 59 48979 67851 43 17726 62444 
LPD06568 91 7284 101 61673 94392 80 21091 83313 
LPD06569 12 193 11 654 696 10 430 759 
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LPD06570 4 32 6 640 862 7 237 605 
LPD06574 642 425 549 1601 1548 611 850 1618 
LPD06575 20 138793 30 190664 144683 25 186689 120411 
LPD06576 226 1115301 534 1546914 1339798 495 1147992 1052801 
LPD06577 372 3206 288 6635 7135 312 5360 4835 
LPD06698 144 229 134 7329 18985 141 2107 8299 
LPD06699 77 419 74 26215 70678 77 8062 45006 
LPD06739 356 485 269 5067 4041 278 1392 2480 
LPD06740 27 18588 29 224065 186503 26 67421 70570 
LPD06741 119 69820 200 1005004 779070 166 229458 238395 
LPD06742 50 16975 74 312714 232725 65 63793 65619 
LPD06743 50 1944 48 41968 35435 44 7767 8113 
LPD06744 255 282 265 6691 7520 297 1187 1496 
LPD05449 34 592 47 995 3036 46 784 4008 
LPD05450 25 702 30 2446 8167 35 1862 10944 
LPD05451 23 609 21 1472 4716 20 1236 5917 
LPD00472 391881 130913 280688 168207 72748 307073 171411 78144 
LPD04147 276825 125049 254571 145768 71941 321709 109833 56532 
LPD03031 176283 141517 213166 163206 485834 161971 145702 460250 
LPD03032 199408 134490 234314 89615 450441 165498 79799 394788 
LPD06131 34784 46649 37322 23675 43500 35730 27179 35080 
LPD06132 44905 50714 40698 33754 45703 43683 40984 43259 
LPD05487 15674 13971 13293 10789 12796 13163 12571 18072 
LPD06091 20925 17195 26436 13873 29313 24111 14338 31098 
LPD04933 104368 105771 108367 79769 59627 95300 97451 60274 
LPD04928 47296 52024 41704 34480 28722 43987 40396 28430 
Most downregulated in phenol 













dehydrogenase -12.68 -7.24 -6.78 -7.01 -10.83 
LPD02728 
Inner membrane metabolite transport 
protein yhjE -10.00 -6.56 -5.51 -8.71 -8.58 
LPD04550 
Methane monooxygenase component A 
alpha chain -9.02 -8.26 -6.55 -7.57 -9.00 
LPD04551 Methane monooxygenase component C -8.40 -8.35 -6.50 -8.64 -8.44 
LPD04552 
Methane monooxygenase component A 
beta chain -7.38 -7.07 -6.56 -7.57 -6.93 
LPD04555 Uncharacterized protein MJ1129 -7.41 -7.35 -7.09 -7.31 -7.59 
LPD04556 NAD-dependent alcohol dehydrogenase -7.91 -7.24 -6.78 -7.01 -6.98 
LPD04557 60 kDa chaperonin 3 -7.64 -7.03 -6.67 -6.43 -6.56 
Lipid biosynthesis/metabolism 
LPD06283 Heparin-binding hemagglutinin (TadA) 4.67 4.76 3.77 4.58 3.14 
LPD05549 
Putative sterigmatocystin biosynthesis 
fatty acid synthase subunit alpha 6.01 5.04 5.84 5.04 5.82 
LPD00131 Stearoyl-CoA 9-desaturase 11.80 5.10 6.66 6.52 6.24 
LPD00130 
Long-chain specific acyl-CoA 
dehydrogenase, mitochondrial 8.06 2.65 5.14 3.79 3.79 
LPD03000 Stearoyl-CoA 9-desaturase 7.24 5.15 5.67 5.48 5.85 
LPD05528 Stearoyl-CoA 9-desaturase 6.18 4.52 7.55 5.03 6.31 
LPD05529 
Stearoyl-CoA 9-desaturase electron 





FadD19 -5.92 -2.13 -2.98 -4.41 -5.03 
LPD06540 
Long-chain specific acyl-CoA 
dehydrogenase, mitochondrial -3.82 -2.20 -1.27 -2.50 -2.72 
LPD04435 Long-chain-fatty-acid--CoA ligase -2.34 -2.71 -3.93 -2.66 -3.51 
LPD03408 
Long-chain specific acyl-CoA 
dehydrogenase, mitochondrial -3.76 -2.88 -2.76 -3.12 -3.06 
LPD07841 Long-chain-fatty-acid--CoA ligase -4.16 -3.66 -3.73 -3.96 -2.94 
LPD03067 
Short/branched chain specific acyl-CoA 
dehydrogenase, mitochondrial -3.08 -3.71 -2.96 -3.10 -2.72 
LPD03066 
Short-chain specific acyl-CoA 
dehydrogenase, mitochondrial -3.36 -3.78 -3.19 -3.35 -3.26 
Transcriptional regulators 
LPD06577 Probable thc operon regulatory protein 3.09 4.52 4.61 4.09 3.93 
LPD06739 Probable thc operon regulatory protein 0.44 4.23 3.89 2.31 3.14 
LPD06574 Probable thc operon regulatory protein -0.59 1.55 1.49 0.47 1.39 
LPD03777 Probable thc operon regulatory protein -1.78 -0.78 1.09 -2.19 0.81 
LPD03770 
Probable serine/threonine-protein kinase 
pknK 0.38 0.08 1.62 -0.30 1.62 
 
RNA-Seq also revealed that R. opacus upregulates the gentisate pathway of aromatic 
degradation and utilization when phenol concentration was elevated to 1.5 g/L, while predicted 
meta-cleavage aromatic degradation pathway genes and anaerobic aromatic degradation genes 
did not seem utilized (Supplementary Figures A.9 and A.10). These results strongly suggest that 
adapted strains efficiently detoxify phenol mainly via the ortho-cleavage pathway and utilize it 
as a carbon source through the -ketoadipate pathway (12). 
There are over 380 genes annotated as transcriptional regulators or regulatory proteins in 
R. opacus. Of those, ten genes are annotated as “probable thc operon regulatory protein” (AraC-
family transcriptional regulator). Of the ten genes, LPD06577, LPD06739, and potentially 
LPD06574 are putative regulators of the highly phenol-responsive phenol degradation genes 
based on the proximity of the genes to phenol degradation genes and expression profiles (Figure 
2.3). A gene annotated as “xylose repressor” (LPD06565) may be involved in regulating the -
ketoadipate pathway cluster #2 because it is co-regulated with the genes in the cluster. -
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ketoadipate pathway operons seem to be associated with genes annotated as Pca regulon 
regulatory protein (IclR family transcriptional regulator; LPD05454, LPD06569, and 
LPD06698). Although the gentisate pathway operon was adjacent to an AraC-family 
transcriptional regulator (LPD03777), their expression patterns were not similar (Supplementary 
Figure A.9). However, their expression patterns were similar to an annotated serine/threonine-
protein kinase gene (LPD03770) downstream of the gentisate pathway genes (Supplementary 
Figure A.9). 
 
Figure 2.4. Pathway and genome maps showing genes involved in phenol degradation and 
utilization. (A) Ortho-cleavage branch of the β-ketoadipate pathway in R. opacus. An expanded 
pathway map including other phenol degradation pathways can be found in Supplementary 
Figure A.10. The color scheme is the same throughout Figures 3 and 4 for each step of the 
pathway. (B) Genomic organization of the two phenol degradation operons. Light grey genes are 





Genes most downregulated by phenol in WT were LPD02697 (NDMA-dependent 
methanol dehydrogenase/lactaldehyde reductase; >6500-fold downregulated) and two 
hypothetical protein genes downstream of LPD02697 (Table 2.2 and Supplementary Table A.6, 
Sheet 14). Adapted strains did not show dramatic downregulation of this gene in low phenol, but 
did show strong downregulation in high phenol (Table 2.2 and Supplementary Table A.6, Sheets 
17 and 19). A homolog of LPD02697 is implicated in oligotrophic growth of R. erythropolis 
N9T-4 (65). In all strains, methane monooxygenase component genes were among the most 
downregulated in phenol conditions. 
When comparing the low phenol and glucose conditions in terms of global regulatory 
changes, evol33 had higher average levels of upregulation from fewer genes than WT and 
evol40, and both adapted strains had fewer downregulated genes than WT, which were also 
generally downregulated to a lesser extent than WT (Supplementary Tables A.6 and A.7 and 
Supplementary Figure A.11). 
Upregulation of transporter genes in phenol.  
While genomic data suggested that phenol transport could be altered in the adapted 
strains, it did not give a complete picture about how the adapted strains could tolerate and utilize 
higher concentrations of phenol compared to WT. Significant expression differences were not 
observed between WT and adapted strains in transporter genes identified to have SNPs by 
whole-genome sequencing. However, a few other putative transporter genes were observed to 
have altered expression levels (Table 2.2 and Supplementary Table A.6). We identified a highly 
upregulated gene in both adapted strains (401-fold and 102-fold upregulated in evol33 and 
evol40, respectively, compared to 5-fold in WT in low phenol, and upregulated to higher degrees 
in high phenol in adapted strains), which is annotated as a shikimate transporter gene 
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(LPD06699). Shikimate is a cyclohexene compound that is a precursor for aromatic amino acids, 
and it contains functional groups similar to many phenolic compounds derived from lignin (66). 
LPD07505, also annotated as a shikimate transporter, was 3.2-fold downregulated in WT in low 
phenol, but was upregulated in both low and high phenol in adapted strains, especially in evol33 
(8.5-fold compared to glucose in high phenol; Table 2.2 and Supplementary Table A.6). No other 
genes annotated as shikimate transporters showed similar upregulation patterns, and shikimate 
utilization genes were not upregulated in phenol (Supplementary Table A.6, Sheet 12). 
Moreover, phenol was more quickly consumed by the adapted strains than WT (Supplementary 
Figure A.3), suggesting that increased phenol uptake may play a role in phenol tolerance and 
utilization in R. opacus. 
Lipid biosynthesis and metabolism genes were differentially regulated in adapted strains.  
R. opacus TadA is a heparin-binding hemagglutinin-like protein required for normal lipid 
droplet morphology, which is thought to colocalize with lipid droplets (48,67). Interestingly, the 
gene encoding TadA (LPD06283 (48,67)) was upregulated in phenol in all strains 
(Supplementary Table A.6, Sheet 13; >24-fold in WT and >27-fold in evol33). This finding 
prompted us to speculate that lipid droplet morphology may be different in R. opacus strains 
depending on the carbon source. However, there was no marked change in size or number of 
lipid droplets when comparing cells in glucose to cells in phenol (Supplementary Figure A.12). 
LPD05549, annotated as a fatty acid synthesis gene (FASI), was upregulated 25- to 62-fold in all 
strains in phenol compared to glucose. 8 out of the 11 genes annotated as stearoyl-CoA 9-
desaturase or stearoyl-CoA 9-desaturase electron transfer partner genes were at least 4-fold 
upregulated in WT in phenol, whereas 24 of the 45 genes annotated as fatty acid –CoA ligase 
were greater than 2-fold downregulated in phenol in WT (19/45 genes in evol33 and 22/45 genes 
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in evol40 were >2-fold upregulated), although the degree of fold change differed significantly 
between WT and adapted strains (representative genes shown in Table 2.2 and Supplementary 
Table A.6, Sheet 13).  
Effects of nitrogen limitation on R. opacus transcriptome.  
In glucose, strain-to-strain variation in global expression was low (Supplementary 
Figures A.7 and A.13), and the most highly expressed genes assessed by DESeq2 were 
LPD00472 (porin protein), LPD04147 (linear gramicidin synthase subunit C/non-ribosomal 
peptide synthase), LPD03031 (nitrite extrusion protein), and LPD03032 (nitrite reductase) 
(Supplementary Table A.6). LPD00472 was a highly abundant transcript and was slightly 
downregulated (up to 4-fold) in phenol growth conditions, probably reflecting the hydrophobic 
nature of phenol compared to hydrophilic glucose. Normalized counts using plotCounts function 
of DESeq2 comparing these genes, phenol degradation genes, and constitutively highly 
expressed housekeeping genes (such as DNA-dependent RNA polymerase subunits 
(LPD06131/6132), ClpX (LPD05487), and elongation factor Tu (LPD06091)) are shown in 
Table 2.2. Because we used a minimal salts medium with a reduced nitrogen concentration, we 
expected that genes involved in nitrogen limitation would be highly expressed. This speculation 
was confirmed by the extremely high expression of LPD03031 and LPD03032 (Table 2.2). In 
fact, some of the most highly expressed genes across all strains in all medium conditions 
included proteasome genes LPD04933 (Mpa homolog/ATPase) and LPD04928 (proteasome 
endopeptidase complex beta subunit). As shown in R. erythropolis (68), R. opacus is likely 
equipped with a complete set of components to constitute active proteasomes, where proteins are 
presumably recycled and utilized in nitrogen-limited conditions. Changes in carbon source 
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(glucose or phenol) did not seem to affect proteasome gene expression (Table 2.2; less than 2-
fold up or down regulated).  
2.5 Discussion 
 In this work, we analyzed genomic and transcriptomic changes between adaptively 
evolved R. opacus mutants and the WT strain grown in phenol. Laboratory adaptive evolution 
has been used for many different bacteria to improve growth on diverse compounds (69). We 
used phenol as a sole carbon source in our adaptive evolution process and identified strains with 
higher tolerance to the toxic chemical by measuring their total biomass accumulation, lag phase, 
and growth rate (Figure 2.1 and Supplementary Tables A.1-A.3). After ~200 generations, 
adapted strains contained 3-4 SNPs in the genomes, which was more rapid accumulation of 
SNPs than reported by Lenski et al. in their long-term evolution experiment and other labs (8.9 × 
10-11 per base-pair per generation) (70). Strong selective pressure by the toxic compound being 
the sole carbon source probably contributed to the faster rate of SNP accumulation compared to 
the E. coli experiment, although the “normal” rate of SNP accumulation during adaptive 
evolution in R. opacus has not been determined. Unfortunately, we did not identify “obvious” 
SNPs that contributed to the striking transcriptomic profile difference between WT and evolved 
strains. The two adapted strains had improved growth profiles with increased biomass 
accumulation and shorter lag phases that could be due to altered transport of phenol in the 
mutants, leading to changes in intracellular concentrations of phenol and thus expression of 
phenol-responsive genes for phenol detoxification and degradation.   
 Differences were also observed between WT and adapted strains in terms of lipid 
accumulation. From RNA-Seq expression data, phenol appears to be mainly degraded into 
acetyl-CoA and succinyl-CoA via the -ketoadipate pathway (12). Acetyl-CoA can be integrated 
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directly into fatty acid biosynthesis pathways, and succinyl-CoA can enter the TCA cycle to 
generate reducing equivalents and ATP for cell growth and lipid synthesis (71). Compared to 
WT, the adapted strains maintained the ability to synthesize and accumulate lipids when grown 
in glucose, but they both accumulated significantly more lipids than WT when grown in phenol 
(Figure 2.2, Supplementary Tables A.4 and A.5).  
 The adapted strains in this study demonstrated high phenol consumption capabilities that 
match or surpass other phenol-degrading bacterial strains and mixed cultures. Pseudomonas 
putida MTCC1194, which was adapted for growth in phenol as a sole carbon source, had 
maximum phenol degradation rates of ~12 mg phenol/L/hr during growth at its maximum phenol 
concentration of 1 g/L (72). Another approach used mixed cultures to increase phenol 
degradation capacity, with tolerances up to 0.8 g/L phenol and degradation rates of 15.4 mg/L/hr 
(73). Another approach is to isolate strains directly from environments such as contaminated 
wastewater. Bacillus brevis, isolated from an industrial wastewater, showed the highest phenol 
tolerance and utilization at concentrations up to 1.75 g/L phenol with degradation rates of ~20 
mg/L/hr (74). Our adapted strains showed higher tolerance than B. brevis with growth in 2 g/L 
phenol, and experiments at 1.5 g/L showed phenol degradation rates of 22 and 21 mg/L/hr for 
evol33 and evol40, respectively (Supplementary Figure A.3). In summary, evol33 and evol40 
demonstrated comparative phenol degradation rates and tolerances to the best-performing 
environmental isolates.   
 Our transcriptomic data suggested that phenol-adapted strains express lower levels of 
stress-response genes in the conditions tested (low nitrogen, minimal media, and phenol as a sole 
carbon source). Phenol is known to cause oxidative stress response in bacteria (75). In our study, 
R. opacus upregulated “DNA protection during starvation protein” LPD04106, or Dps, which is 
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thought to be involved in oxidative stress resistance (76,77). It seems likely that low nutrient 
condition can induce the gene, but the adapted strain, especially evol33, showed significantly 
lower upregulation of this gene compared to WT in phenol, suggesting that evolved strains 
sensed less oxidative stress in our experiment. A similar trend was observed with the major 
housekeeping chaperone genes. DnaK is a major bacterial Hsp70 (70 kDa heat shock protein) 
and functions with co-chaperones GrpE and DnaJ to prevent aggregation of denatured proteins 
(78,79). R. opacus expressed 2 copies of the dnaK operons (LPD2079-02081 and LPD03845-
03847) in the conditions we tested, and the major operon appeared to be LPD02079 and the 
following 3 genes. All DnaK and co-chaperone genes were upregulated more in WT than in the 
phenol-adapted strains in low phenol, indicating that the low-nutrient, phenol medium condition 
encountered by WT may cause proteins to misfold, and that the phenol-adapted strains encounter 
lower level of cellular stress than WT at the same concentration of phenol in the media. 
We observed clear patterns of altered gene regulation in phenol-adapted strains compared 
to WT R. opacus in response to phenol. In WT, one of the two copies of phenol hydroxylase 
genes was dominantly upregulated, but in adapted strains the second copy (LPD06740 and 
LPD06741) was also upregulated to the same or even higher level (Figure 2.3, Table 2.2, and 
Supplementary Figure A.8). Both SNP analysis and RNA-Seq results suggest that transport of 
phenol or compounds related to its metabolism is altered in the adapted strains. In fact, phenol 
was consumed at faster rates by the adapted strains than the WT (Supplementary Figure A.3). 
evol33, which additionally had a putative transporter gene with a single point mutation compared 
to evol40 (Table 2.1), upregulated phenol degradation genes more strongly than evol40 (Figure 
2.3). It is well documented that many identified transcriptional regulators for aromatic 
degradation and catabolism are AraC/XylS family (80-82). AraC/XylS-family transcriptional 
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regulators bind to ligands (e.g., arabinose), and upregulation of effector genes is tunable by 
adjusting the concentration of ligands (83-85). Therefore, it is possible that adapted strains allow 
more phenol molecules to be transported into the cell, which in turn activate the second phenol 
degradation operons to the degree observed (6307-fold upregulation in evol33, 2624-fold 
upregulation in evo40, and 657-fold upregulation in WT; Figure 2.3 and Supplementary Table 
A.6). Higher upregulation of -ketoadipate pathway genes in adapted strains could also be 
influenced by higher intracellular concentrations of phenol or its downstream metabolite, 
catechol, which has been observed with aromatic degradation pathways in other organisms 
(80,81).  
There are 46 genes annotated as shikimate transporters in the complete genome of R. 
opacus. Of the 46, LPD06699 was uniquely co-upregulated with phenol degradation genes, at 
353- and 103-fold in evol33 and evol40 comparing low phenol to glucose, and 937- and 572-fold 
in evol33 and evol40 comparing high phenol to glucose, respectively. In WT, LPD06699 was 
upregulated 5-fold in low phenol compared to glucose. Except for LPD07505, which was 
upregulated in phenol only in adapted strains, none of the other genes annotated as a shikimate 
transporter were regulated in the same manner (Supplementary Table A.6). Furthermore, 
predicted shikimate utilization genes LPD05461, LPD06023, LPD17011, and LPD05485 were 
not highly transcribed or upregulated in phenol (Supplementary Table A.6), suggesting that 
LPD06699 and potentially LPD07505 may be involved in phenol transport.  
Another interesting finding was the upregulation of a putative YRNA and Rsr (86) in 
adapted strains in phenol. YRNAs were recently found to exist in a wide variety of bacterial 
species, including R. opacus (87). R. opacus Rsr homolog, LPD06269, caught our attention 
45 
 
because of its phenol-responsive upregulation in evolved strains, even though it was annotated as 
a hypothetical protein. LPD06269 was constitutively expressed at a medium-low level in all 
strains in glucose, but upregulated 52-fold in low phenol compared to glucose and 115-fold in 
high phenol compared to glucose in evol33 (8.3-fold and 17-fold in evol40), and upregulation of 
the predicted YRNA region showed the same pattern (Supplementary Figure A.14). In WT, 
transcript levels of LPD06269 slightly decreased in low phenol (0.87-fold), and no upregulation 
of YRNA region was observed, suggesting that this response was phenol-dependent and specific 
to the adapted strains. We are in a process of focusing on small noncoding RNAs in R. opacus, 
since we removed the majority of small RNAs from the total RNA samples in order to obtain 
maximal amount of mRNA in this study. Nonetheless, our results indicate that small RNA-
mediated global response may also be involved in adaptive evolution of R. opacus against phenol 
as a sole carbon source, and it may explain the ability of R. opacus to rapidly adapt to diverse 
environments without accumulating substantial genomic changes. 
 This work suggests that characterizing funneling pathways (which convert lignin-derived 
compounds into pathway metabolites such as catechol) (88) and transporters for phenolics is 
important for conversion of phenolics into fuels and chemicals. Genes converting phenol to 
catechol were some of the most highly upregulated genes when strains were grown in phenol 
compared to glucose, suggesting that phenol-to-catechol conversion may be a limiting step for 
growth on phenol. Under the condition that we tested (low nitrogen, minimal medium, and 
aerobic condition), phenol seems to be degraded mainly by ortho-cleavage via the catechol 
branch of the -ketoadipate pathway into succinyl-CoA and acetyl-CoA, consistent with our 
previous result obtained from WT cultures grown in 0.5 g/L phenol supplemented with 13C 
glucose (37). Other phenolic compounds would require other funneling enzymes to convert them 
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into precursors such as catechol and protocatechuic acid for degradation (88). This study also 
identified putative transporters for phenol, and transport of many different phenolic compounds 
would require either promiscuity for transporters or different transporters for each compound. 
Note that while previous studies on transporters of toxic chemicals focused on efflux pumps to 
minimize the intracellular concentrations of these compounds (89-91), R. opacus is likely to use 
its transporters to import toxic phenolics, suggesting a new mechanism of bacterial aromatic 
tolerance. Increased phenolic compound flux into the cell requires balancing between transport 
and degradation to prevent accumulation of toxic compounds within the cell.  
A recent study demonstrated that adaptive evolution can increase R. opacus tolerance to 
lignocellulose-derived inhibitors (40). While they used media supplemented with glucose, our 
evolution process is different in that phenol was used as a sole carbon source to obtain highly 
tolerant mutants to phenol. Consequently, we were able to decouple the effects of other 
potentially available carbon sources in lignocellulose-derived feedstock on changes in the 
genome and transcriptome. We also demonstrated that phenol as a sole carbon source can 
support R. opacus for both growth and accumulation of lipids (biodiesel precursors) and that 
adaptive evolution can increase lipid productivity, an important factor for current lignin 
conversion processes (15). Combining adaptive evolution and omics analyses, our approach 
provides insights into the tolerance mechanism of the promising production host, facilitating 
future lignocellulose, specifically lignin, valorization efforts. 
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Chapter 3: Multi-omic elucidation of 
aromatic catabolism in adaptively evolved 
Rhodococcus opacus 
 
Reprinted with permission from Henson W.R.*, Campbell, T.C.*, DeLorenzo, D.*, Gao, Y. 
Berla, B., Kim, S.J., Foston M., Moon T.S., Dantas G.  Multi-omic elucidation of aromatic 
catabolism in adaptive evolved Rhodococcus opacus. Metabolic Engineering, accepted. * = 
equal contribution. I performed adaptive evolution, growth assays, lipid assays, assisted in 
metabolomics and transcriptomics analysis, and wrote the manuscript.  
 
Understanding aromatic tolerance and utilization mechanisms for mixtures of aromatic 
compounds is important to develop strains for hybrid thermochemical and biological lignin 
conversion approaches. This chapter focuses on identifying these mechanisms by performing 
adaptive evolution on individual and mixtures of lignin model compounds followed by multi-
omics analyses.  
 
3.1 Abstract 
Lignin utilization has been identified as a key factor in biorefinery profitability. However, 
lignin depolymerization generates heterogeneous aromatic mixtures that inhibit microbial growth 
and conversion of lignocellulose to biochemicals. Rhodococcus opacus is a promising aromatic-
catabolizing, oleaginous bacterium, but mechanisms for its aromatic tolerance and utilization 
remain undercharacterized. To better understand these mechanisms, we adaptively evolved R. 
opacus for improved utilization of 32 combinations of diverse aromatic compounds. Evolved R. 
opacus mutants showed up to 1900% growth improvement in the utilization of phenol, guaiacol, 
56 
 
4-hydroxybenzoate, vanillate, and benzoate compared to the wild-type strain. Whole genome 
sequencing revealed several redox-related genes with mutations shared across multiple adapted 
mutants. PVHG6, the mutant with the most improved growth on a mixture of multiple aromatic 
compounds, showed 56% lower superoxide dismutase activity than the wild-type strain, 
suggesting that redox reactions are important for aromatic tolerance and utilization. Comparative 
transcriptomics revealed by-product detoxification pathways and five aromatic funneling 
pathways that were upregulated in response to specific aromatic compounds. Gene knockout 
experiments confirmed the two degradation routes of the β-ketoadipate pathway for five aromatic 
compounds. These results provide an improved understanding of aromatic bioconversion and 
facilitate development of R. opacus as a biorefinery host. 
3.2 Introduction 
Lignocellulosic biomass is a potential source of renewable bio-based fuels and chemicals. A 
large fraction of lignocellulose (~70-85%) is cellulose and hemicellulose, which can be 
depolymerized into monomeric sugars, such as glucose and xylose (Sun and Cheng, 2002; 
Wheeldon et al., 2017). The remaining 15-30% of lignocellulose is lignin, a highly cross-linked, 
heterogeneous, and recalcitrant aromatic polymer (Pandey and Kim, 2011). Microbial conversion 
of lignocellulose holds promise as a new way to produce a variety of novel products and 
petrochemical replacements (e.g., drop-in fuels) (Bhat et al., 2015; Hahn-Hagerdal et al., 2006; 
Jones et al., 2016; Lee et al., 2016; Pereira et al., 2016; Qiao et al., 2017; Xu et al., 2016; Yang et 
al., 2018; Zhou et al., 2016a; Zhou et al., 2016b). Current biomass pretreatment approaches, 
which aim to increase sugar extractability from lignocellulose, also release aromatics from lignin 
that negatively affect microbial product titers, yields, and productivities (Ibraheem and Ndimba, 
2013; Pienkos and Zhang, 2009). Current processes separate the carbohydrate fraction from the 
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lignin fraction, and the separated lignin is either discarded or burned for process heat or on-site 
electricity generation (Ragauskas et al., 2014). However, removal of lignin-derived inhibitors 
from sugar streams is still challenging and costly, and techno-economic analyses have identified 
the co-utilization of lignin as an important factor in biorefinery profitability (Balan et al., 2013; 
Valdivia et al., 2016). Therefore, efforts are underway to develop microbial strains that can 
tolerate and convert inhibitory, lignin-derived compounds into value-added products (Blazeck et 
al.; Bugg and Rahmanpour, 2015; Dunlop, 2011; Fischer et al., 2008; Henske et al., 2017; Jin 
and Cate; Keating et al., 2014; Le et al., 2017; Pham et al., 2017; Vardon et al., 2015).  
Rhodococcus opacus PD630 (hereafter R. opacus) is a promising bacterial strain for 
producing valuable products from lignocellulose. R. opacus is a gram-positive soil bacterium that 
has been shown to have an inherently high tolerance to aromatic compounds (Alvarez et al., 
1996; Tsitko et al., 1999). Additionally, it accumulates high levels (up to ~78% as cell dry 
weight) of the biofuel precursor triacylglycerol (TAG) and demonstrates a moderately high 
growth rate (Alvarez et al., 1996; Kurosawa et al., 2010). R. opacus can natively consume, or has 
been engineered to consume, hexose and pentose sugars present in lignocellulosic feedstocks 
(Kurosawa et al., 2010; Kurosawa et al., 2013). R. opacus can also consume aromatic 
compounds found in depolymerized lignin, such as phenol, 4-hydroxybenzoate, and vanillate 
(Kosa and Ragauskas, 2012; Xie et al., 2017; Yoneda et al., 2016), making it uniquely qualified 
to utilize all three primary depolymerized components of lignocellulose.  
The co-consumption of mixtures of lignin-derived aromatic monomers is an underexplored 
area of study that is important for microbial lignin conversion strategies. The inherent 
heterogeneity of lignin is a major barrier to lignin valorization, and economical strategies require 
rapid conversion of complex aromatic mixtures to products (Linger et al., 2014; Rodriguez et al., 
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2017; Shuai et al., 2016; Van den Bosch et al., 2017). Microbial degradation of diverse aromatic 
compounds is typically accomplished by biological funneling, where compounds are converted 
into common metabolites (e.g., catechol and protocatechuate), prior to their catabolism via a 
central aromatic degradation pathway, such as the β-ketoadipate pathway (Harwood and Parales, 
1996; Linger et al., 2014). However, interactions between similarly structured compounds and 
different aromatic degradation pathways are not well understood in bacteria. Additionally, cross 
tolerance between lignin-derived aromatics has not been studied in R. opacus, although it is 
thought that low concentrations of multiple inhibitory compounds can negatively affect bacterial 
growth more than high concentrations of a single inhibitory compound on its own (Kurosawa et 
al., 2015).  
The underlying mechanisms for aromatic tolerance and utilization in R. opacus, and microbes 
in general, are not well understood due to the complexity of the phenotype, which limits the use 
of rational strain engineering. One methodology for improving aromatic tolerance is through 
adaptive evolution, where evolutionary selection pressure is applied to the organism through 
serial subcultures (Conrad et al., 2011; Lenski and Travisano, 1994). R. opacus has been 
demonstrated to be amenable to adaptation for improved growth in the presence of different 
inhibitors from lignocellulosic hydrolysates (e.g., furans, organic acids, and phenolics) 
(Kurosawa et al., 2015), but the mechanistic basis for these improvements are unknown. Our 
previous work showed that R. opacus could be adapted for improved growth and lipid production 
on the lignin model compound phenol as a sole carbon source (Yoneda et al., 2016), and we 
identified the upregulation of aromatic degradation pathways and transporters as potential 
mechanisms of improvement in the adapted strains. However, phenol is only one of many 
potential aromatic compounds from lignin (Rodriguez et al., 2017; Shuai et al., 2016; Van den 
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Bosch et al., 2017), and additional research is required to understand R. opacus’ ability to adapt 
to mixtures of lignin-derived model compounds.   
In this work, R. opacus was adaptively evolved on 32 combinations of six lignin model 
compounds (without added sugars) to study the capacity to improve its aromatic tolerance and 
utilization (Fig. 3.1). Comparative genomic analysis of 35 improved adapted strains identified a 
high percentage of mutations in oxidation and reduction (redox) related genes, several of which 
were shared across multiple strains from different adaptation conditions. We demonstrated that 
the activity of one of these targeted enzymes, superoxide dismutase, was 56% lower in PVHG6 
(a mutant adapted for improved growth on a mixture of multiple compounds) than the wild-type 
(WT) strain. This suggests that reactive oxygen species may be important for aromatic tolerance 
and utilization. To examine whether aromatics were consumed individually or concurrently, 
targeted metabolomics was performed, revealing that compounds were consumed in a distinct 
order and that the PVHG6 strain co-consumed lignin model compounds at faster rates than the 
WT strain. We performed RNA-Seq on PVHG6 and WT grown on individual lignin model 
compounds and their mixture (without added sugars) to elucidate genes and pathways related to 
aromatic catabolism. Transcriptomic analyses identified five distinct funneling pathways and two 
by-product detoxification pathways, each of which is activated by specific aromatic compounds, 
as well as a number of upregulated transporters. Additionally, by gene knockout experiments, we 
confirmed the degradation routes of five aromatic compounds and the importance of upregulated 
transporters for growth on aromatic compounds. Lastly, to demonstrate that our improved 
aromatic tolerance and utilization phenotypes are compatible with production of valuable 
products from lignin, we measured lipid production and observed a 225% increase in lipid titer 
with the PVHG6 strain relative to the WT strain when grown on 2.5 g/L total aromatics as a sole 
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carbon source. Together, these results advance our understanding of aromatic mixture tolerance 
and catabolism, which is a critical first step toward future fuel and chemical production from 
lignocellulose, and establish R. opacus as a promising bioproduction strain. 
3.3 Materials and Methods 
3.3.1. Chemicals and strains 
Chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise indicated, 
and Rhodococcus opacus PD630 (DSMZ 44193) was used as the ancestral strain (WT) for 
comparison to all mutated strains. For all growth experiments (unless otherwise indicated), cells 
were grown at 30 °C and 250 rpm in one of two defined minimal salts media (A or B; medium 
composition as previously described (DeLorenzo et al., 2017)). Culture media were filter-
sterilized using a 0.22 µm filter, and pH was adjusted to 7.0 using 6M HCl or 2M NaOH.  
Carbon and nitrogen sources were added as sterile-filtered stock solutions. R. opacus strains 
were maintained on tryptic soy broth (TSB) plates supplemented with 1.5% agar. 
3.3.2. Adaptive evolution and growth assays of adapted strains  
R. opacus was serially passaged on combinations of protocatechuate (PCA), guaiacol (GUA), 
phenol (PHE), 4-hydroxybenzoate (HBA), and vanillate (VAN) as carbon sources, and it was 
also passaged on each compound individually (Fig. 3.1). R. opacus was also adapted on sodium 
benzoate (BEN) and high concentrations of glucose individually as sole carbon sources. Minimal 
medium A was used for adaptation experiments. To start adaptation experiments, a single colony 
of the ancestral strain from a TSB agar plate was grown at 30 °C in 2 mL of minimal medium A 
supplemented with 0.3 g/L PHE for 24-48 hours, followed by a subculture using an initial OD600 
of 0.05 in 10 mL of the same media for 24 hours. Next, cells were centrifuged at 3000g for 10 
min and resuspended in minimal medium A without carbon or nitrogen sources, and adaptation 
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experiments were performed at a 10 mL culture volume in a 50 mL glass culture tube with the 
corresponding carbon source(s) (Table B.1) and 1 g/L ammonium sulfate as the nitrogen source. 
For passaging, cultures were started at an initial cell density (OD600) of 0.03. After ~30 passages, 
the initial cell density was increased to 0.05 for all adaptation experiments. Cells were passaged 
after reaching mid-exponential phase (OD600 > 0.3), and cells from each adaptation experiment at 
each passage were stored at -80 °C in 15% glycerol. At each passage, the total aromatic 
concentration was increased by 1-5% until we did not observe growth after three days. If cells 
did not grow after three days, the culture was restarted from the previous -80 °C frozen stock, 
and the overall aromatic concentration was decreased until cell growth could be recovered. Once 
growth was recovered, the concentration was held constant for multiple passages before 
increasing concentrations in following passages. Adaptation experiments were stopped when we 
observed no growth after restarting adaptations from frozen stocks or adaptations reached >100 
passages. See Table B.1 for details on adaptation experiments.   
To isolate colonies, adapted cultures were streaked on minimal medium plates supplemented 
with 1.5% agar, 1 g/L ammonium sulfate, and respective carbon sources from the adaptation 
experiment (concentrations as indicated in Table B.14). Six colonies were picked and grown at 
30 °C in a 5 mL culture volume in a 50 mL glass tube with minimal medium A supplemented 
with 5 g/L glucose and 1 g/L ammonium sulfate for 36 hours before storage at -80 °C in 15% 
glycerol. To compare the phenotype of the isolated colonies to that of the WT strain using their 
adaptation carbon sources (Fig. 3.2), frozen stocks of each isolated strain were streaked on TSB 
plates and a single colony was grown in 2 mL of minimal medium A supplemented with lignin 
model compounds from their adaptation condition (concentrations as indicated in Table B.14) for 
24-48 hours, and then subcultured using an initial OD600 of 0.05 in 10 mL of lignin model 
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compounds from their adaptation condition (concentrations as indicated in Table B.15) for 24 
hours. Next, cells were centrifuged at 3000g for 10 min and resuspended in minimal medium A 
without carbon or nitrogen sources, and experiments were performed at 30 °C with a 10 mL 
culture volume in a 50 mL glass culture tube with adaptation carbon source(s) (concentrations as 
indicated in Fig. 3.2) and 1 g/L ammonium sulfate as the nitrogen source. Growth was monitored 
using absorbance at 600 nm (Abs600). Absorbance measurements were made with black 96 well 
plates (Greiner Bio One) using a TECAN Infinite M200 Pro plate reader. OD600 values were 
obtained by converting the Abs600 of 200 µL of cell culture to OD600 using an experimentally 
determined correlation curve (OD600 = 1.975*[Abs600 - 0.04], R
2 = 1.00). Specific growth rates 
were calculated by fitting at least four converted OD600 values in the log phase.  
3.3.3. R. opacus cultures for targeted metabolomics and transcriptomics 
For phenotyping of adapted strains outside of adaptation conditions (Fig. 3.4A, 3.4C), targeted 
metabolomics experiments (Fig. 3.4B), and transcriptomic experiments (Figs. 3.5, 3.6), cultures 
were started as follows. -80 °C frozen stocks of isolated colonies were streaked onto TSB agar 
plates and grown at 30 °C for three days. Using a loopful of cells from a TSB plate, seed cultures 
were grown at 30 °C in 2 mL of minimal medium A or B supplemented with lignin model 
compounds (0.2 g/L of BEN, GUA, PHE, HBA, and VAN, 1 g/L total aromatics) as carbon 
sources for 24 hours, and then subcultured in 10 mL of the same media for 24 hours with an 
initial cell density (OD600) of 0.05. Next, cells were centrifuged at 3000g for 10 min and 
resuspended in minimal medium A or B without carbon or nitrogen sources, and experiments 
were performed at 30 °C with a 10 mL culture volume in a 50 mL glass culture tube with 
respective carbon source(s) (see below for concentrations) and 1 g/L ammonium sulfate as the 
nitrogen source. For phenotyping of strains outside of adaptation conditions, 0.5 g/L of BEN, 
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GUA, PHE, HBA, and VAN (2.5 g/L total aromatics), 0.6 g/L of BEN, GUA, PHE, HBA, and 
VAN (3.0 g/L total aromatics), or a combination of aromatics and glucose were used as carbon 
sources (at concentrations as indicated in figure captions). For targeted metabolomics 
experiments, 0.5 g/L of BEN, GUA, PHE, HBA, and VAN (2.5 g/L total aromatics) were used as 
carbon sources. For growth assays using individual compounds as sole carbon sources, six 
different concentrations of BEN (5, 6, 7, 8, 9, and 10 g/L), GUA (1.25, 1.5, 1.75, 2, 2.25, and 2.5 
g/L), PHE (0.75, 1, 1.25, 1.5, 1.75, and 2 g/L), HBA (2, 2.25, 2.5, 2.75, 3, and 3.25 g/L), and 
VAN (1.25, 1.5, 1.75, 2, 2.25, and 2.5 g/L) were used. For transcriptomic experiments, seven 
different growth media were used: 0.5 g/L of BEN, 0.5 g/L of GUA, 0.5 g/L of PHE, 0.5 g/L of 
HBA, 0.5 g/L of VAN, and 1 g/L of glucose; and 0.5 g/L of BEN, GUA, PHE, HBA, and VAN 
(2.5 g/L total aromatics). Carbon sources are listed in the respective figure or table. Growth was 
monitored using Abs600 as described previously. 
3.3.4. DNA extraction and sequencing library preparation 
DNA was extracted using a standard bead-beating, phenol-chloroform extraction 
methodology (Yoneda et al., 2016), and DNA concentrations were quantified using a Quant-iT 
PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific). The DNA was prepared for sequencing 
using a Nextera Tagmentation Kit (Illumina) (Baym et al., 2015; Caruccio, 2011). Samples were 
barcoded using a KAPA HiFi HotStart ReadyMixPCR Kit (KAPA Biosystems). The resulting 
PCR products were cleaned using Agencourt AMPure XP Beads (Agencourt Bioscience 
Corporation) and stored at -20 °C until use. For sequencing, samples were pooled together in 
equimolar ratios and diluted to a final DNA concentration of 10 nM using nuclease free water.  
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3.3.5. Genome sequencing and SNP analysis 
For whole genome sequencing (Fig. 3.3), 20 µL of the pooled barcoded DNA samples were 
submitted for sequencing at the Center for Genome Sciences & Systems Biology, Washington 
University in St. Louis School of Medicine. Samples were paired-end sequenced using an 
Illumina Hi-Seq 2500 System. Raw Illumina paired-end reads were demultiplexed using 
barcodes and quality trimmed using Trimmomatic (Bolger et al., 2014). Trimmed reads were 
mapped to the Chinese Academy of Science reference genome of R. opacus (ASM59954v1) 
(Chen et al., 2014) with the updated RefSeq annotation (GCF_000599545.1) using Bowtie2 
(Langmead and Salzberg, 2012). The resulting SAM files were converted to BAM files and 
indexed using SAMtools (Li et al., 2009). SNPs and INDELs were called using Pilon (Walker et 
al., 2014), and SNPs also appearing in the WT strain were removed using an in-house Python 
script before quality filtering using GATK (DePristo et al., 2011). Trimmed reads were also de 
novo assembled using SPAdes (Nurk et al., 2013), and the resulting genome assembly was used 
to confirm the presence or absence of SNPs using BLAST+ (Camacho et al., 2009). 
Additionally, de novo confirmed SNPs were compared to another reference genome from the 
Broad Institute (ASM23433v1) (Holder et al., 2011) to filter out SNPs that were identical to the 
Broad Institute reference genome. Gene Ontologies (Ashburner et al., 2000) were inferred with 
Blast2GO (Gotz et al., 2008) by finding the top 20 most similar protein sequences in the NCBI 
and UniProt Knowledgebase databases for every protein in the R. opacus genome using 
BLAST+ and InterProScan (Jones et al., 2014).  
3.3.6. RNA extraction and rRNA depletion 
RNA was extracted using a ZR Fungal/Bacterial RNA MiniPrep Kit (Zymo Research) and 
treated with TURBO DNase I (Ambion) for 30 min at 37 °C to remove DNA contamination. 
DNase-treated RNA was then cleaned using an RNA Clean & Concentrator Kit (Zymo 
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Research). Samples were checked for DNA contamination by PCR amplification using primers 
specific to intergenic regions of the genome. Samples that were positive for DNA contamination 
were re-treated with TURBO DNase I and cleaned until no DNA was detected by PCR 
amplification. Next, RNA was quantified using a NanoVue Plus™ Spectrophotometer 
(Biochrom), and ribosomal RNA (rRNA) was depleted from total RNA using a Bacterial Ribo-
Zero rRNA Removal Kit (Illumina). The resulting mRNA was converted to cDNA and barcoded 
using a reverse transcription protocol described previously (Yoneda et al., 2016). cDNA samples 
were pooled together in equimolar ratios and diluted to a final cDNA concentration of 10 nM 
using nuclease free water.  
3.3.7. Transcriptomic analysis 
For transcriptomic analysis of WT and PVHG6 strains (Figs. 3.5, 3.6), 20 µL of the pooled 
barcoded cDNA samples were submitted for sequencing at the Center for Genome Sciences & 
Systems Biology, Washington University in St. Louis School of Medicine. Samples were single-
end sequenced using an Illumina Hi-Seq 2500 System. Raw single-end reads were 
demultiplexed, trimmed, and mapped in the same manner as the SNP analysis described 
previously. After indexing mapped reads, expression counts were calculated for each gene using 
featureCounts (Liao et al., 2014), and downstream differential gene expression analysis was 
performed using DESeq2 (Love et al., 2014).  
3.3.8. Aromatic consumption profiling 
For cultures using a single carbon source, the concentration of each lignin model compound 
was estimated by comparing UV absorbance values to a standard curve for each lignin model 
compound (Fig. 3.4C, Fig. B.22). 200 µL of each cell culture was centrifuged at 16,000g for 5 
min, and the UV absorbance value of a 100-fold dilution of culture supernatant was measured in 
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a UV transparent 96 well plate (Thermo Scientific) using a TECAN Infinite M200 Pro plate 
reader, or in a quartz cuvette using a Nanodrop 2000 (Thermo Scientific). For cultures using the 
aromatic mixture (Fig. 3.4B), aromatics in the culture supernatant were derivatized using methyl 
chloroformate (Madsen et al., 2016) and quantified using a custom GC-MS-FID system (gas 
chromatography-mass spectrometry-flame ionization detector). Briefly, the culture supernatant 
was centrifuged at 16,000g for 5 min, and 200 µL of the culture supernatant was mixed with 40 
μL of 5.0% (w/w) sodium hydroxide solution, 200 μL of methanol, and 50 μL of pyridine. 
Methyl chloroformate (50 μL) was added to the mixture in two 25 μL aliquots. Next, 400 μL of 
chloroform containing a decane internal standard was added to the sample, followed by the 
addition of 400 μL of 50 mM sodium bicarbonate solution to induce phase separation of the 
aqueous and organic layers. Samples were vortexed between each step to ensure complete 
mixing. After phase separation, the organic phase was transferred to a GC vial with a 350 μL 
glass insert (Agilent), and samples were analyzed using an Agilent 7890A GC coupled to both an 
Agilent 5975C mass spectrometer containing a triple-axis detector and an Agilent G3461A FID 
detector with a methanizer (Activated Research Company). The Agilent 7890A GC was 
equipped with a Restek fused silica RTX-50 capillary column (30 m by 0.25 mm, 0.5 µm film 
thickness), and helium was used as the carrier gas. 1 µL of the organic phase was injected with a 
splitting ratio of 10:1 using the autosampler. For GC runs, the inlet was maintained at 250 °C, 
and the oven was held for 2 min at 40 °C, heated to 300 °C using a 5 °C/min ramp, and held at 
300 °C for 5 min. All data was exported and analyzed using the Agilent ChemStation Software, 
and peak intensities were normalized to the decane internal standard. Lignin model compounds 
were identified based on retention time and mass spectral database searches using the Palisade 
Complete Mass Spectral Database (600 K edition, Palisade Mass Spectrometry, Ithaca, NY), and 
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concentrations were determined using an external standard curve for each lignin model 
compound.  
3.3.9. Lipid assay 
For lipid production assays (Fig. 3.7), growth experiments were performed in the same way as 
metabolomic and transcriptomic experiments with the following modification: the culture 
volume was 50 mL in a 250 mL baffled flask, the carbon sources for the experiment were 0.5 g/L 
of BEN, GUA, PHE, HBA, and VAN (2.5 g/L total aromatics), and the nitrogen source for the 
experiment was 0.125 g/L ammonium sulfate. Lipid was measured gravimetrically using a 
modified Folch lipid extraction (Folch et al., 1957). To measure biomass content, 10 mL of cell 
culture was centrifuged at 4600g for 15 min, washed twice with distilled water, dried at 60 °C for 
two days, and weighed to determine the dry cell weight. For lipid extractions, 30 mL of cell 
culture was centrifuged at 4600g for 15 min, washed twice with distilled water, and resuspended 
in 4 mL of a chloroform/methanol solution (2:1). Next, the solution was sonicated at 20% 
amplitude using the program: 1 sec on and 1 sec off for 5 min. The solution was partitioned into 
aqueous and organic phases using 0.2 volumes of 0.9% NaCl solution. The organic phase was 
separated from the aqueous phase, dried under vacuum, and weighed to determine the total lipid 
amount.  
3.3.10. Generation of knockout R. opacus knockout mutants 
Knockout mutants were generated via homologous recombination in the wild type R. opacus 
strain as described previously (DeLorenzo et al., 2018). Briefly, a helper plasmid expressing a 
pair of recombinases (pDD120) was introduced via electroporation into WT R. opacus. 
Electrocompetent cells were made from this strain as previously described (DeLorenzo et al., 
2017). An integration vector containing an antibiotic resistance marker and DNA regions 
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homologous to each target gene (~500 bp per homologous arm) was then introduced into the 
strain harboring the recombinase helper plasmid by electroporation (DeLorenzo et al., 2018). 
Successful recombination was confirmed by colony PCR. See Table B.16 for plasmids utilized 
for knockouts and Table B.17 for all strains generated. Plasmid DNA was isolated from 
Escherichia coli DH10B for electroporation into R. opacus using the Zyppy Plasmid Miniprep 
Kit (Zymo). 
3.4 Results 
3.4.1. Adaptive evolution and characterization of adapted strains 
To determine R. opacus’ ability to improve its aromatic tolerance and consumption, we 
adaptively evolved it using increasingly higher concentrations of individual lignin model 
compounds and combinations of lignin model compounds (a total of 32 conditions without added 
sugars, Fig. 3.1, Table B.1). For comparison to aromatic adaptation experiments, we also serially 
passaged R. opacus using high concentrations of glucose. For further analysis, we selected four 
adaptation experiments that used one to four different lignin model compounds that included 
phenol and other phenolic compounds as carbon sources, as well as two adaptation experiments 
that used sodium benzoate (a non-phenolic lignin model compound) and glucose as sole carbon 
sources. The adaptation experiments chosen for further characterization were: 1) phenol (P); 2) 
phenol and vanillate (PV); 3) phenol, vanillate, and 4-hydroxybenzoate (PVH); 4) phenol, 
vanillate, 4-hydroxybenzoate, and guaiacol (PVHG); 5) sodium benzoate (B); and 6) high 
glucose. Six colonies from each of these six chosen adaptation experiments were isolated, and 
their growth was compared to that of the WT strain using their respective adaptation carbon 
source(s) (Fig. 3.2, Fig. B.1). 35 of the 36 isolated strains had significantly higher cell densities 
(OD600; up to 1900% improvement) than the WT strain after 43 hours of growth on the carbon 
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sources used in their adaptation. Aromatic consumption patterns for adapted strains after 43 
hours of growth suggest that improved growth of these strains is due to both consumption of and 
tolerance to aromatic carbon sources (Fig. B.2). These results demonstrate that R. opacus can be 
adaptively evolved to improve growth on different combinations of lignin model compounds. 
 
 
Figure 3.1. Experimental Approach. A. R. opacus PD630 was serially passaged on lignin 
model compounds and high glucose (33 conditions). Six adapted cultures were selected for 
further characterization: four using phenol and up to three other lignin model compounds, one 
using sodium benzoate, and one using high glucose as carbon sources. B. Six colonies from the 
selected adapted cultures were phenotyped in adaptation growth conditions to determine 
improvement compared to the WT strain. Strains with improved growth (OD600) compared to the 
WT strain were characterized by whole genome sequencing and growth assays using mixtures of 
lignin model compounds. C. The best-performing adapted strain (PVHG6) and the WT strain 
were further characterized using RNA-Seq and targeted metabolomic analyses to identify 
mechanisms for improved lignin model compound tolerance and utilization. Lipid titers were 
measured to characterize the adapted strain’s capacity to convert lignin model compounds into 
lipids. 
 
3.4.2. Comparative genomics of adapted strains  
To identify possible causative mutations for adaption, we examined the 35 isolated strains 
with improved growth (Fig. 3.2) by whole genome sequencing (>38X coverage per strain). 
Across all 35 strains, genomic analysis revealed a total of 255 distinct SNPs and 6 
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insertion/deletions (INDELs) distributed over the chromosome and 6 of the 9 endogenous 
plasmids (Chen et al., 2014) (Fig. B.3, Tables B.2-B.4). Based on sequencing depth, we observed 
major deletions in Plasmid 1 for 11 strains from the PVHG, B, and high glucose adaptation 
experiments, and we observed complete loss of Plasmid 2 in 25 strains from the P, PV, PVH, 
PVHG, and B adaptation experiments (Fig. B.4). Plasmids 1 and 2 are large plasmids with sizes 
of 172,218 bp and 97,588 bp, respectively. Growth improvements could result from either 
deletion of burdensome genes, reduced replication costs for maintaining large plasmids, or a 
combination of both (Dionisio et al., 2005; Harrison and Brockhurst, 2012).  
 
Figure 3.2. Growth of the WT strain and adapted strains using adaptation carbon sources. 
Bars represent OD600 values measured at 43 hours of growth in minimal medium A 
supplemented with the listed carbon sources and 1 g/L ammonium sulfate as the nitrogen source. 
A. The PHE adapted strains (P1-6) compared to the WT strain using 1.1 g/L PHE. B. The PHE 
and VAN adapted strains (PV1-6) compared to the WT strain using 1.2 g/L PHE and 1.2 g/L 
VAN. C. The PHE, VAN, and HBA adapted strains (PVH1-6) compared to the WT strain using 
0.5 g/L PHE, 1 g/L HBA, and 1 g/L VAN. D. The PHE, VAN, HBA, and GUA adapted strains 
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(PVHG1-6) compared to the WT strain using 0.4 g/L GUA, 0.4 g/L PHE, 0.7 g/L HBA, and 0.7 
g/L VAN. E. The BEN adapted strains (B1-6) compared to the WT strain using 9.4 g/L BEN. F. 
The high glucose adapted strains (Glc1-6) compared to the WT strain using 314 g/L glucose. 
Bars represent the average of three biological replicates and error bars represent one standard 
deviation. PHE = phenol, VAN = vanillate, HBA = 4-hydroxybenzoate, GUA = guaiacol, and 
BEN = sodium benzoate.  
 
To identify potential common patterns of genetic changes between strains and adaptation 
conditions, we classified genes affected by mutations using Gene Ontology (GO) terms 
(Ashburner et al., 2000) and then further grouped GO terms into broader functional categories 
(Fig. 3.3A). Interestingly, many genes involved in redox reactions were affected by SNPs after 
adaptation in phenolic compound mixtures (Fig. 3.3A). On average, 36% of the non-synonymous 
SNPs in strains adapted using phenolic compounds, compared to only 16% in strains adapted 
using non-phenolic carbon sources (e.g., BEN and glucose), were found in genes related to redox 
reactions. These results suggest that the selection pressure applied by adaptive evolution targeted 
redox reactions to improve tolerance and utilization of phenolic compounds. 
We identified seven genes that were affected by non-synonymous SNPs across multiple 
aromatic adaptation experiments (Fig. 3.3B, Table B.5). Surprisingly, we did not observe any 
shared genes whose annotation is related to aromatic degradation. Of the seven genes, three 
genes are annotated to be involved in redox reactions: RS14825 (cytochrome ubiquinol oxidase 
subunit I), RS01890 (manganese-dependent superoxide dismutase [SOD]), and RS38570 (a 
FAD-binding oxidoreductase). Non-synonymous or intergenic SNPs affecting cytochrome 
ubiquinol oxidase and superoxide dismutase were found in at least one strain from all four 
adaptation experiments containing phenolic compounds, but not in any strains from the B and 
high glucose adaptation experiments. The previous adaptation experiment in R. opacus using 
phenol (Yoneda et al., 2016) also led to a mutation in cytochrome ubiquinol oxidase. 
72 
 
Furthermore, two genes involved in gluconeogenesis had non-synonymous SNPs in multiple 
adaptation lineages: RS08140 (phosphoenolpyruvate [PEP] carboxykinase) and RS10095 (class 
II fructose-bisphosphate aldolase). Additionally, two genes related to phosphorylation had non-





Figure 3.3. Comparative genomics of lignin model compound adapted strains. A. 
Categorization of genes with non-synonymous SNPs or intergenic SNPs that could affect gene 
expression using Gene Ontology (GO) terms organized by strain. Strain names indicate the 
adaptation condition from which each strain originated: P = phenol; PV = phenol and vanillate; 
PVH = phenol, vanillate, and 4-hydroxybenzoate; PVHG = phenol, vanillate, 4-
hydroxybenzoate, and guaiacol; B = sodium benzoate; and Glc = glucose. See Supplementary 
Information (Appendix B) for all SNP information, including silent SNPs. B. Genes with non-
synonymous SNPs or intergenic SNPs that could affect gene expression and that were found 
across multiple aromatic adaptation experiments. Putative annotations are from NCBI reference 
sequence NZ_CP003949.1. “All” indicates that all sequenced strains isolated from the indicated 
adaptation condition contain either non-synonymous SNPs or intergenic SNPs that could affect 
gene expression. Base Mean Expression is the average of the normalized counts from WT and 




To investigate the consequence of non-synonymous SNPs in the cytochrome ubiquinol 
oxidase and SOD genes further, we modeled the mutational sensitivity (i.e., the probability of the 
mutation having a phenotypic effect) using Phyre2 (Kelley et al., 2015) and SUSpect (Yates et 
al., 2014). The modified residues in the adapted strains for both genes had mutational 
sensitivities ranging from medium to very high for the modified amino acids, suggesting that 
these SNPs could have a phenotypic effect (either positive or negative; Tables B.6, B.7) (Yates et 
al., 2014). To verify the modeling results for superoxide dismutase, we measured the SOD 
activity using cell lysates from the WT strain and one of our multi-compound adapted strains 
with a non-synonymous SNP in SOD (PVHG6). The adapted PVHG6 strain showed a 56% 
lower SOD activity compared to that of the WT strain (Fig. B.5). This lower activity suggests 
that the adapted strain is likely to reduce fewer superoxide radicals than the WT strain, which 
could contribute to its improved growth in the mixture of lignin model compounds through their 
facilitated oxidation (Bugg, 2001; Gatti et al., 1994). 
3.4.3. Characterization of adapted strains on lignin model compound mixtures 
Efficient microbial lignin valorization requires the utilization of complex aromatic compound 
mixtures. Thus, we sought to determine the performance of our aromatic adapted strains in 
mixtures of lignin model compounds compared to the WT strain. We hypothesized that the 
adapted strains’ improved tolerance phenotype towards a subset of five chosen lignin model 
compounds (one to four compounds) could be extended to a mixture of all five compounds. To 
test this hypothesis, we grew one strain from each of the P, PV, PVH, PVHG, and B adaptation 
experiments on a mixture of five aromatics (PHE, GUA, HBA, VAN, and BEN). At 2.5 g/L total 
aromatics (0.5 g/L of each lignin model compound), all five adapted strains had significantly 
higher growth rates than the WT strain (P < 0.009 for all adapted strains; Fig. 3.4A, Table B.8). 
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P1, PV1, and PVHG6 strains reached a higher OD600 than the WT strain after 100 hours of 
growth (P < 0.004 for all three strains), while PVH5 and B2 did not reach significantly higher 
OD600 values (Table B.8). PVHG6 reached the highest OD600 among all strains after 70 hours of 
growth, which was 96% higher than the WT strain (P = 3.8 x 10-6). At 3.0 g/L total aromatics 
(0.6 g/L of each aromatic compound), all strains had significantly higher growth rates than the 
WT strain (P < 0.03 for all adapted strains; Fig. B.6, Table B.9). P1, PV1, and PVHG6 also 
reached 75-85% higher OD600 values than the WT strain after 100 hours of growth (P < 0.03 for 
all three strains), while PVH5 and B2 did not reach significantly higher OD600 values (Fig. B.6, 
Table B.9). These results demonstrate that some adapted strains (P1, PV1, and PVHG6) have 
improved growth on a mixture of aromatics, some of which were not used during their 
adaptation. For the three best-performing strains (P1, PV1, and PVHG6), the only exclusively 
shared gene which was affected by a SNP was SOD (Fig. 3.3B), which further supports that 
SOD may be related to improved growth on lignin model compounds. Because PVHG6 showed 
the best growth performance at both 2.5 and 3.0 g/L total aromatics, it was chosen for further 
characterization. 
3.4.4. Aromatic consumption in a lignin model compound mixture by PVHG6 
Next, we sought to determine if all lignin model compounds in the five-compound mixture 
were used for growth and if PVHG6 consumed aromatics in a similar manner to that of the WT 
strain. We used a targeted metabolomic approach to measure the concentration of each individual 
aromatic compound in the mixture (0.5 g/L of PHE, GUA, HBA, VAN, and BEN; 2.5 g/L total 
aromatics; Fig. 3.4B). We observed that both WT and PVHG6 strains consumed BEN and HBA 
before PHE, GUA, and VAN. Both strains fully consumed BEN and HBA within 24-32 hours, 
while consumption of PHE, GUA, and VAN began after 24 hours for both strains. Within 60 
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hours, all five compounds were almost fully consumed by the PVHG6 strain, but substantial 
amounts of PHE (25%), GUA (83%), and VAN (61%) remained in the WT cultures at 60 hours. 
Overall, PVHG6 had a 27% higher total aromatic consumption rate than the WT strain (52 
mg/L/hr for PVHG6 vs. 41 mg/L/hr for the WT strain from 0 to 44 hours, P = 0.0024). 
Additionally, it was found that PVHG6 also consumed a mixture containing 3 g/L glucose and 
all five aromatic compounds (0.6 g/L of PHE, GUA, HBA, VAN, and BEN; 3 g/L total 
aromatics) as carbon sources, and it completely utilized all aromatics after 60 hours of growth 
(Fig. B.7).  
3.4.5. Consumption of individual aromatic compounds by PVHG6 
To determine whether the improved growth phenotype of PVHG6 on a mixture of lignin 
model compounds extended to individual compounds, we measured growth and aromatic 
concentrations using six different concentrations of PHE, VAN, HBA, GUA, and BEN as a sole 
carbon source (Fig. 3.4C, Figs. B.8-B.13). Aromatic concentrations were measured using UV 
absorbance. From these experiments, we calculated the half maximal inhibitory concentration 
(IC50) using OD600 values at 54 hours. We only observed a significant increase in the IC50 value 
of PVHG6 compared to that of the WT strain when they were grown in PHE (17%, P = 0.003) 
and GUA (16%, P = 0.008) (Table B.10). The IC50 values of PVHG6 for HBA, VAN, and BEN 
were unchanged or slightly decreased (Table B.10). When 1 g/L glucose was used as a sole 
carbon source, no difference in growth was observed between the WT and PVHG6 strains (Fig. 
B.14), implying that glucose metabolism was not affected by mutations during the long 





Figure 3.4. Growth and consumption of lignin model compounds by WT and adapted 
strains. Cells were grown in minimal medium A supplemented with the listed carbon sources 
and 1 g/L ammonium sulfate as the nitrogen source. A. Growth of one strain from each aromatic 
adaptation experiment and the WT strain in a mixture of lignin model compounds (0.5 g/L each 
of GUA, PHE, HBA, VAN, and BEN; 2.5 g/L total aromatics). B. Aromatic consumption 
profiles of WT and PVHG6 strains in the same growth condition as A. Aromatic concentrations 
were measured by derivatizing culture supernatants using methyl chloroformate followed by GC-
MS-FID (see Materials and Methods for details). C. Growth and consumption of individual 
aromatic compounds as a sole carbon source by WT and PVHG6 strains (aromatic 
concentrations listed above plots). Aromatic concentrations were estimated using UV absorbance 
(see Materials and Methods for details). Note that the y-axis scales for growth and concentration 
plots vary between carbon sources. For all plots, points represent the average of three biological 
replicates and error bars represent one standard deviation. PHE = phenol, VAN = vanillate, HBA 
= 4-hydroxybenzoate, GUA = guaiacol, and BEN = sodium benzoate.  
 
3.4.6. Transcriptomic analysis of WT and PVHG6 using lignin model 
compounds 
We had previously observed that changes in gene and pathway expression better explained 
improved phenol utilization phenotypes in evolved R. opacus strains, compared to the effect of 
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genetic changes like SNPs and INDELs in coding regions (Yoneda et al., 2016). Accordingly, we 
sought to determine the potential role of transcriptional differences in the improved tolerance and 
utilization of a larger panel of aromatics by the evolved PVHG6 strain. We performed whole cell 
gene expression profiling via RNA-Seq on the WT and PVHG6 strains grown in a mixture of all 
five lignin model compounds (0.5 g/L of each lignin model compound, 2.5 g/L total aromatics), 
or in 1 g/L glucose, to identify differentially regulated genes between strains and carbon sources 
(Table B.11). We also performed RNA-Seq using 0.5 g/L of each of the five lignin model 
compounds individually (PHE, GUA, HBA, VAN, or BEN) to determine compound-specific 
degradation pathways for each compound (Table B.11). For the 1 g/L glucose (Glc) and the 
mixture of five lignin model compounds (hereafter, “mixture”), we analyzed the transcriptome at 
both the early and mid-exponential phases (20 hours and 32 hours for the mixture; 10 hours and 
13 hours for Glc) since we had observed differential consumption rates of lignin model 
compounds in our targeted metabolomic analysis (Fig. 3.4B).  
Principal component analysis of transcriptomic data by strain and growth conditions.  
To investigate differences in expression profiles between WT and PVHG6, we first analyzed 
all transcriptomic data for both strains using principal component analysis (Fig. B.15). PVHG6 
and WT were clearly separated along the first principal component with values higher than 60 
and lower than -50, respectively, while the second principal component generally separated 
transcriptional profiles by growth conditions. Permutational ANOVA (PERMANOVA) indicated 
that transcriptomic profiles between strains and between growth conditions were significantly 
different (P = 0.001, both cases). Based on our genome sequencing data, which was corroborated 
by our transcriptomic data (Fig. B.4), many adapted strains, including PVHG6, underwent 
plasmid deletions and plasmid loss. We repeated the principal component analysis with Plasmid 
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1 and 2 data removed, and while some growth conditions led to closer visual clustering of WT 
and PVHG6, the strains were still significantly different based on PERMANOVA (P = 0.002; 
Fig. B.16).  
We then compared the top 30 differentially upregulated genes between both strains grown in 
the mixture at both time points (Fig. B.17). The most upregulated genes in PVHG6 relative to the 
WT strain in the mixture at both time points were RS27075 (a hypothetical protein, 41-fold 
upregulated) and RS13410 (a type VII secretion-associated protein, 40-fold upregulated), 
respectively. Five of the top 30 upregulated genes are annotated as ABC transporters or ABC 
transporter associated proteins, suggesting that these ABC transporters might control uptake or 
export rates of aromatic compounds. Two genes annotated as acetyl-CoA acetyltransferases 
(RS34095 and RS34105) were also in the top 30 list. Both proteins share high positive amino 
acid sequence similarity to 3-oxoadipyl-CoA thiolases in R. opacus and R. jostii RHA1 (52-76% 
positive identity, Table B.12). The final step in the β-ketoadipate pathway is catalyzed by 3-
oxoadipyl-CoA thiolase, converting 3-oxoadipyl-CoA into succinyl-CoA and acetyl-CoA. 
RS34095 and RS34105 may encode this enzyme, acting as additional gene copies and increasing 
the metabolic flux through the β-ketoadipate pathway in PVHG6 when the aromatic mixture is 
used.  
Lignin model compound funneling pathways.  
To identify putative funneling pathway enzymes for each lignin model compound, we 
searched for the most strongly upregulated enzymes when both strains were grown in the 
individual aromatic compounds and the mixture, compared to the glucose condition (Fig. 3.5A, 
Table B.11). These selected proteins were then compared to homologous enzymes in a closely-
related strain, R. jostii RHA1, which has a characterized proteome (Patrauchan et al., 2012) 
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(Table B.13). Using this process, we identified funneling pathway clusters for each lignin model 
compound: two two-component phenol hydroxylases (RS31555-RS31560 and RS30765-
RS30770), a putative vanillate demethylase (RS02665-RS02675), a putative 4-hydroxybenzoate 
monooxygenase (RS31675), two putative cytochrome P450 clusters upregulated in response to 
GUA (RS30780-RS30785 [GUA degradation cluster #1] and RS21470-RS21485 [GUA 
degradation cluster #2]), and a putative benzoate degradation cluster (RS30790-RS30805). Many 
of these funneling pathway enzymes have high sequence similarity to biochemically 
characterized pathway enzymes in other Rhodococcus strains, including R. opacus 1CP (Table 
B.13) (Gröning et al., 2014; Solyanikova et al., 2016). Each of these genes or gene clusters 
converts lignin model compounds to either catechol (CAT) or protocatechuate (PCA) for 
subsequent degradation by the β-ketoadipate pathway (Fig. 3.6B). All of these genes were 
upregulated in both the individual aromatic condition and the mixture compared to glucose, 
except GUA degradation cluster #2 which was upregulated in GUA but not upregulated in the 
mixture compared to glucose (Fig. 3.5A). This differential expression suggests transcriptional 
regulation (i.e., repression) of this funneling pathway in response to the presence of other lignin 
model compounds. When the expression of the identified funneling pathways in PVHG6 was 
compared to the WT strain in the mixture, most genes at both time points were not differentially 
expressed with the exception of the benzoate degradation pathway at the second time point, 
which was 29-95-fold downregulated (adjusted p-values < 7 x 10-29, Table B.11). Our 
metabolomic data (Fig. 3.4B) showed that PVHG6 completely consumed BEN after 24 hours 
(compared to 32 hours for WT), which suggests that the BEN funneling pathway genes were 
downregulated in PVHG6 in response to complete consumption of BEN. For other funneling 
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pathways, no genes were more than 2.6-fold upregulated or downregulated in PVHG6 compared 
to the WT strain at either time point in the mixture (Table B.11).  
 
Figure 3.5. Activation of lignin model compound funneling pathways in R. opacus. A. Heat 
map of normalized expression counts for upregulated aromatic degradation genes that convert 
(i.e. “funnel”) lignin model compounds to the β-ketoadipate pathway during growth on 
individual lignin model compounds, a mixture of lignin model compounds, and glucose. Raw 
counts were transformed using the variance stabilizing transformation in DESeq2. Darker colors 
indicate higher normalized counts (see scale bar). Glc = 1 g/L glucose, PHE = 0.5 g/L phenol, 
VAN = 0.5 g/L vanillate, HBA = 0.5 g/L 4-hydroxbenzoate, GUA = 0.5 g/L guaiacol, BEN = 0.5 
g/L sodium benzoate, and Multi = 0.5 g/L of PHE, VAN, HBA, GUA, and BEN (2.5 g/L total 
aromatics). t1 represents cells harvested at early exponential phase (10 hours for Glc; 20 hours 
for Multi), while t2 represents cells harvested at mid-exponential phase (13 hours for Glc; 32 
hours for Multi). Samples from individual compound growth conditions were harvested at mid-
exponential phase (24 hours for WT PHE, 21 hours for PVHG6 PHE, 19 hours for WT and 
PVHG6 GUA, 11 hours for WT and PVHG6 HBA, 12 hours for WT and PVHG6 BEN, 24 hours 
for WT and PVHG6 VAN). Cells were grown in minimal medium A. Each square on the heat 
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map represents a biological replicate. B. Pathway map showing genes involved in lignin model 
compound funneling pathways in R. opacus. Gene codes are from the NCBI reference sequence 
NZ_CP003949.1. CDCDC = cis-1,2-dihydroxy-cyclohexa-3,5-diene-1-carboxylate. 
 
Expression of β-ketoadipate pathways during lignin model compound consumption.  
The funneling pathways convert aromatic compounds into two intermediates, CAT or PCA, 
for degradation by the β-ketoadipate pathway (Fig. 3.6). Previous analyses of Rhodococcus 
strains suggest that VAN and HBA are converted to PCA, while GUA, BEN, and PHE are 
converted to CAT  (DeLorenzo et al., 2017). For both WT and PVHG6, we observed 
upregulation of β-ketoadipate gene cluster #1 (RS25340-RS25375) compared to the glucose 
condition for all aromatic carbon sources (Fig. 3.6A, Table B.11). This gene cluster includes 
genes required to convert both CAT and PCA into central tricarboxylic acid (TCA) cycle 
metabolites. In both strains, β-ketoadipate gene cluster #2 (RS31565-RS31575) was upregulated 
in PHE and the mixture (up to 5000-fold), but it was upregulated only up to 3-fold in other lignin 
model compounds compared to the glucose condition (Table B.11). This observed upregulation 
could be related to the upstream phenol hydroxylase (RS31555-RS31560 in the phenol funneling 
pathway; Fig. 3.5A) that is highly upregulated in PHE compared to the glucose condition. We 
also observed upregulation of β-ketoadipate gene cluster #3 (RS30720-RS30745) during growth 
on all aromatic carbon sources. In both strains, genes in this cluster, which is typically associated 
with degradation of CAT intermediates, were highly upregulated (142 to 779-fold) by CAT 
branch compounds (GUA, BEN, and PHE) relative to the glucose condition, but they were only 
moderately upregulated (9 to 93-fold) by PCA branch compounds (VAN and HBA) relative to 
the glucose condition (Table B.11). Interestingly, such a branch-dependence was also observed 
in regulation of some funneling enzymes (Fig. 3.5A). For example, a phenol hydroxylase 
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(RS30765-RS30770) was also highly upregulated in GUA (121 to 477-fold), but minimally 
upregulated by PCA precursors VAN and HBA (up to 5.9-fold), compared to the glucose 
condition in both strains (Table B.11). The putative vanillate demethylase (RS02665-RS02675) 
was also upregulated in HBA (114 to 295-fold), but minimally upregulated by CAT precursors 
GUA and BEN (1.4 to 2.2-fold) in both WT and PVHG6, compared to the glucose condition 
(Table B.11). When compared to the WT strain in the mixture, PVHG6 did not show substantial 
upregulation of the β-ketoadipate clusters (at most 2.5-fold) (Table B.11). This result differs 
from that of previously characterized R. opacus mutants that were adapted using a single 
compound (PHE) and that showed large differential upregulation of a number of phenol 
degradation genes in PHE compared to the WT strain (Yoneda et al., 2016).  
To confirm whether the five tested aromatic compounds (PHE, GUA, HBA, VAN, and BEN) 
were catabolized via the CAT or PCA branch of the β-ketoadipate pathway, critical genes from 
both branches were knocked out, and growth assays were performed. β-ketoadipate gene cluster 
#3, which contains the CAT degradation pathway, was knocked out by a disruption of RS30730 
(cis,cis-muconate cycloisomerase; ΔCAT), while β-ketoadipate gene cluster #1, which contains 
the PCA degradation pathway, was knocked out by a disruption of RS25360 (3-carboxy-cis,cis-
muconate cycloisomerase; ΔPCA). The knockout of the PCA degradation pathway was 
complicated by the fact that other central β-ketoadipate pathway genes required for CAT 
degradation are located further downstream in β-ketoadipate gene cluster #1 (Fig. 3.6). To ensure 
transcription of those downstream genes, a constitutive promoter was integrated into the genome. 
The ΔCAT strain was unable to grow using PHE, GUA, and BEN as sole carbon sources, while 
the ΔPCA strain was unable to grow using HBA and VAN as sole carbon sources (Fig. 3.6C, 
3.6D). Together, these results confirm that PHE, GUA, and BEN are funneled through the CAT 
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branch, and HBA and VAN are funnelled through the PCA branch of the β-ketoadipate pathway 
in R. opacus. 
 
Figure 3.6. Activation of β-ketoadipate pathway gene clusters by lignin model compounds 
in R. opacus. A. Heat map of normalized gene expression counts for β-ketoadipate pathway gene 
clusters during growth on individual lignin model compounds, a mixture of lignin model 
compounds, and glucose. Raw counts were transformed using the variance stabilizing 
transformation in DESeq2. Darker colors indicate higher normalized counts (see scale bar). Glc 
= 1 g/L glucose, PHE = 0.5 g/L phenol, VAN = 0.5 g/L vanillate, HBA = 0.5 g/L 4-
hydroxbenzoate, GUA = 0.5 g/L guaiacol, BEN = 0.5 g/L sodium benzoate, and Multi = 0.5 g/L 
of PHE, VAN, HBA, GUA, and BEN (2.5 g/L total aromatics). t1 represents cells harvested at 
early exponential phase (10 hours for Glc; 20 hours for Multi), while t2 represents cells harvested 
at mid-exponential phase (13 hours for Glc; 32 hours for Multi). Samples from individual 
compound growth conditions were harvested at mid-exponential phase (24 hours for WT PHE, 
21 hours for PVHG6 PHE, 19 hours for WT and PVHG6 GUA, 11 hours for WT and PVHG6 
HBA, 12 hours for WT and PVHG6 BEN, 24 hours for WT and PVHG6 VAN). Cells were 
grown in minimal medium A. Each heat map square represents a biological replicate. B. Pathway 
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map showing genes involved in β-ketoadipate pathway gene clusters in R. opacus. Gene codes 
are from the NCBI reference sequence NZ_CP003949.1. C. Difference between initial OD600 and 
final OD600 after 24 hours of growth for the RS30730 knockout (ΔCAT) strain and the WT strain 
using different carbon sources. D. Difference between initial OD600 and final OD600 after 24 
hours of growth for the RS25360 knockout (ΔPCA) strain and the WT strain using different 
carbon sources. For C and D, the WT, ΔCAT, and ΔPCA strains were initially cultured in 2 mL 
of minimal medium B containing 1 g/L ammonium sulfate, 4 g/L glucose, and either no aromatic 
compound, 0.2 g/L PHE, 0.25 g/L GUA, 0.5 g/L HBA, 0.25 g/L VAN, or 0.5 g/L BEN. Cells 
were then centrifuged, washed with minimal medium B containing no carbon source, and re-
suspended to an initial OD600 of 0.2 in 10 mL of minimal medium B containing 1 g/L ammonium 
sulfate and either 1 g/L glucose, 0.4 g/L PHE, 0.5 g/L GUA, 1.0 g/L HBA, 0.5 g/L VAN, or 1 
g/L BEN as sole carbon sources. Asterisk (*) indicates that the difference between initial and 
final OD600 values is less than one standard deviation. Bars represent the average of three 
biological replicates and error bars represent one standard deviation.  
 
Transporters for lignin model compounds.  
Transporter expression control may be related to aromatic tolerance mechanisms. The putative 
shikimate transporter (RS31355), which was significantly upregulated in other phenol-adapted R. 
opacus strains (Yoneda et al., 2016), was also upregulated in PHE (281 to 299-fold) and the 
mixture (87 to 295-fold) for both WT and PVHG6 relative to the glucose condition at both time 
points (Table B.11). An MFS transporter (RS33590) was moderately upregulated in response to 
PCA precursors VAN (137 to 193-fold) and HBA (10 to 15-fold), and the mixture (45 to 115-
fold), but was minimally upregulated by CAT precursors PHE, GUA, and BEN (1.0 to 3.7-fold) 
in WT and PVHG6 at both time points (Table B.11). Another MFS transporter (RS30810) 
located adjacent to the BEN degradation cluster was upregulated in BEN (1330 to 1720-fold) and 
the mixture (958 to 2620-fold) for both WT and PVHG6 at the first time point. At the second 
time point, the MFS transporter was downregulated in PVHG6 compared to the WT strain in a 
similar manner to the BEN degradation cluster (Fig. 3.5A). The MFS transporter RS30810 was 
also moderately upregulated by CAT precursor GUA (57 to 62-fold), but only minimally 
upregulated by PCA precursors VAN (1.6 to 7.5-fold) and HBA (1.1 to 8.7-fold) in both strains 
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compared to the glucose condition. The branch-dependent upregulation of MFS transporters 
RS33590 and RS30810 is similar to what was observed for the β-ketoadipate pathway (Fig. 3.6). 
Overall, we observed multiple transporters whose expression was responsive to lignin model 
compounds. 
To explore the role of transporters in aromatic tolerance and utilization, we compared the 
growth of three putative transporter knockout mutants (RS31355, RS33590, and RS30810) to 
that of the WT strain using different carbon sources (Fig. B.18). The growth of these knockout 
mutants and the WT strain were compared using 0.75 g/L PHE, 1.25 g/L GUA, 1.75 g/L VAN, 2 
g/L HBA, 5 g/L BEN, and the combined mixture (2.5 g/L total aromatics) as sole carbon sources. 
The putative shikimate transporter (RS31355) knockout mutant had lower cell densities (OD600) 
after 48 hours than the WT strain using PHE and the mixture as sole carbon sources, which 
matches previous reports of RS31355 having a role in PHE transport (Yoneda et al., 2016). The 
putative vanillate transporter (RS33590) knockout mutant had lower OD600 values than the WT 
strain using VAN, PHE, and the mixture as sole carbon sources. The putative benzoate 
transporter (RS30810) knockout mutant had lower OD600 values than the WT strain using BEN, 
VAN, GUA, PHE, and the mixture as sole carbon sources (Fig. B.18). None of the transporter 
knockout mutants exhibited growth impairments on HBA (Fig. B.18). The impaired growth of 
the putative aromatic transporter knockout mutants on some compounds suggests transporter 
specificity and that the influx or efflux of aromatic compounds plays an important role in 
aromatic tolerance and utilization (Fig. B.18). 
By-product degradation pathways.  
The consumption of aromatics can lead to the formation of by-products. We observed 
upregulation of gene clusters involved in one carbon compound (C1) metabolism during growth 
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on aromatics (Fig. B.19). Catabolism of VAN and GUA requires a demethylation step that 
releases formaldehyde during conversion to PCA and CAT, respectively (Chen et al., 2012; 
Dardas et al., 1985; Priefert et al., 1997) (Figs. 3.5, 3.6). In VAN and GUA growth conditions, 
we observed the upregulation of a mycothiol-dependent pathway that converts formaldehyde to 
CO2, and this pathway is found in Rhodococcus strains and other actinomycetes (Lessmeier et 
al., 2013; Yoshida et al., 2011)  (Fig. B.19). This pathway (RS31920-RS31930) was upregulated 
in VAN and GUA (21 to 105-fold), but expression varied in the mixture from no significant 
upregulation to 26-fold upregulation for both strains compared to the glucose control. Another 
pathway for formaldehyde degradation is the ribulose monophosphate (RuMP) pathway, which 
converts formaldehyde and ribulose-5-phosphate to fructose-6-phosphate for consumption via 
the pentose phosphate pathway (Orita et al.). The RuMP pathway (RS21455-RS21460) was 
upregulated in VAN and GUA (450 to 2600-fold) compared to the glucose condition in both the 
WT strain and PVHG6. In the mixture, the RuMP pathway was upregulated in the WT strain (23 
to 135-fold) and PVHG6 (3 to 172-fold) relative to the glucose condition. Genes in the RuMP 
pathway are also located near the pentose phosphate pathway operon, which was upregulated in 
a similar pattern to the RuMP pathway (Fig. B.19). Together, these results suggest that R. opacus 
has multiple formaldehyde degradation pathways which are activated only when they are 
necessary (e.g., when VAN or GUA is catabolized, generating the toxic by-product). 
Expression of mutated genes identified from comparative genomics.  
To better understand the effect of mutations on the improved growth phenotype of PVHG6, 
we compared the expression of genes with mutations found in PVHG6 as well as genes with 
mutations found in multiple adaptation conditions (Figs. B.20, B.21). Of the genes with 
mutations in PVHG6, SOD (RS01890), non-ribosomal peptide synthetase (RS13070), and 
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cytochrome ubiquinol oxidase (RS14825) were highly expressed (> 500 normalized counts) in 
both the WT and PVHG6 strains across all tested growth conditions, including the high glucose 
condition (Fig. B.20, Table B.11). For genes with mutations found across multiple adaptation 
conditions (Fig. 3.3B, Table B.5), SOD (RS01890), cytochrome ubiquinol oxidase (RS14825), 
phosphoenolpyruvate carboxykinase (RS08140), and fructose bisphosphate aldolase (RS10095) 
were highly expressed (> 500 normalized counts, Fig. B.21, Table B.11). These results suggest 
that mutations could play a role in phenotypic differences between WT and PVHG6 strains, 
possibly by changing specific enzyme activities (e.g., SOD, Fig. B.5), instead of changing 
expression levels of highly expressed genes (Figs. B.20, B.21).  
3.4.7. Lipid production using lignin model compounds 
To determine the effect of the adaptation on the ability of R. opacus to convert lignin model 
compounds into a bioproduct (e.g., lipids), we compared total lipid production between WT and 
PVHG6 grown in 2.5 g/L of lignin model compounds (0.5 g/L each of PHE, GUA, HBA, VAN, 
and BEN) in minimal medium A in a low nitrogen condition (Fig. 3.7). PVHG6 reached a 50% 
higher cell density (OD600) than the WT strain after 72 hours, and it accumulated 44% of its cell 
dry weight as lipids, compared to only 26% by WT (Fig. 3.7). After 72 hours, the adapted strain 
reached a lipid titer of 0.13 g/L using lignin model compounds as a sole carbon source, which is 
a 225% increase compared to the WT strain (Fig. 3.7B). These results suggest that adaptive 
evolution can lead to significant improvements in lipid production by increasing lignin model 




Figure 3.7. Conversion of lignin model compounds to lipids. A. Growth of WT and PVHG6 
strains in low nitrogen conditions using minimal medium A with 0.5 g/L of PHE, VAN, HBA, 
GUA, and BEN (2.5 g/L total aromatics) as carbon sources and 0.125 g/L ammonium sulfate as 
the nitrogen source. B. Lipid content and lipid titer of WT and PVHG6 strains after 72 hours of 
growth in the same growth conditions as A. For all plots, points and bars represent the average of 
three biological replicates and error bars represent one standard deviation. Asterisk (*) indicates 
that the difference between WT and PVHG6 values is statistically significant (P < 0.05, one 
mean, two-tailed Student’s t-test).  
 
3.5 Discussion 
Microbial tolerance and consumption of aromatic mixtures is a complex, understudied 
phenotype that involves numerous interactions between many genes and pathways. An improved 
understanding of this complex phenotype and its underlying mechanisms is critical for efficient 
lignin valorization. In this work, we investigated lignin model compound tolerance and 
utilization by combining adaptive evolution and multi-omic approaches. We demonstrated that 
R. opacus can be adaptively evolved to improve consumption of aromatic mixtures, and we 
identified shared mutations in adapted strains from multiple adaptation experiments that could 
affect aromatic tolerance and utilization. We observed that the adapted strain PVHG6 had higher 
aromatic consumption rates than the WT strain in a mixture of lignin model compounds, and we 
identified five upregulated funneling pathways and two by-product detoxification pathways that 
were responsive to specific lignin model compounds. Furthermore, our results demonstrate that 
enzymatic activities which affect levels of intracellular molecular oxygen and superoxide 
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radicals likely play an important role in aromatic tolerance and utilization. Overall, this work 
highlights the value of combining adaptive evolution with a multi-omic approach to provide 
insights into microbial aromatic tolerance and utilization, to create improved strains for aromatic 
mixture consumption, and to identify novel targets for engineering R. opacus strains toward 
lignin valorization.  
The ability of R. opacus to successfully adapt to a mixture of lignin model compounds in a 
relatively small number of generations could be related to its relatively high mutation rate. 
Across all adaptation experiments, we observed an average of 32 mutations after ~270-420 
generations (~4 generations per subculture) (Tables B.1, B.11), which is at least an order of 
magnitude higher than rates of occurrence observed in Escherichia coli under stress conditions 
(Lee et al., 2011). Even in the high glucose condition, the average mutation occurrence was 19 
mutations after ~290 generations in R. opacus. This high occurrence of mutations was not the 
result of any mutations in the DNA recombination and repair system, which are often found in 
hypermutator strains (Chu et al.; Sandberg et al., 2014; Sniegowski et al., 1997). Notably, a large 
portion of SNPs observed in R. opacus were synonymous SNPs (Table B.2). While synonymous 
SNPs could potentially affect gene expression rates, protein folding, and thus protein functions 
(Kimchi-Sarfaty et al., 2007), most synonymous SNPs in both the glucose and aromatic 
adaptation conditions were located in the same region of Plasmid 1, suggesting that these 
mutations are not related specifically to aromatic tolerance and utilization.  
The most frequently mutated genes in R. opacus were related to redox reactions (Fig. 3.3B). 
One such example was SOD, a highly conserved enzyme that protects cells from superoxide 
radicals (O2
-) by converting them into molecular oxygen (O2) or hydrogen peroxide (H2O2) 
(Miller, 2012). We also observed multiple mutations affecting cytochrome ubiquinol oxidase in 
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all phenolic compound adapted strains, but not in the high glucose or BEN adapted strains. This 
gene was also mutated in a previous R. opacus adaptation experiment using phenol as a sole 
carbon source (Yoneda et al., 2016). Cytochrome ubiquinol oxidase catalyzes the terminal step in 
one of the electron transport chains present in Rhodococcus strains, which reduces O2 to H2O 
(Kishikawa et al., 2010). The exact mechanistic contribution of these two mutated enzymes to 
the evolved aromatic phenotypes is not fully understood, but the known utilization of superoxide 
radicals and O2 during aromatic consumption may provide some insights. Superoxide radicals 
are generated from O2 by aromatic degradation enzymes, including monooxygenase funneling 
enzymes (e.g., HBA monooxygenase) (Gatti et al., 1994) and ring splitting dioxygenases (e.g., 
catechol 1,2-dioxygenase) (Bugg, 2001), to facilitate aromatic catabolism. Our observation that 
PVHG6 had a 56% decreased SOD activity relative to the WT strain suggests a greater 
availability of superoxide radicals for aromatic degradation enzymes in PVHG6 than the WT 
strain.   
By performing transcriptomic analyses on strains grown on single compounds, we were able 
to identify distinct funneling pathways for five lignin model compounds (Fig. 3.5) and two 
aromatic by-product detoxification pathways (Fig. B.19). The responses of funneling pathways 
to individual compounds and the mixture (Fig. 3.5A), together with a distinct consumption 
pattern of lignin model compounds in the mixture (Fig. 3.4B), suggest that R. opacus can 
differentially and specifically regulate aromatic utilization pathways in response to specific 
compounds. Carbon catabolite repression in Rhodococcus strains has been reported between 
aromatic compounds such as benzoate and phthalate (Choi et al., 2007) and 4-methoxybenzoate 
and 2-ethoxyphenol (Karlson et al., 1993). Relatedly, we observed differential upregulation of 
guaiacol degradation cluster #2 between the GUA growth condition and the mixture in both WT 
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and PVHG6 strains (Fig. 3.5A), suggesting that the presence of other aromatic compounds may 
delay guaiacol consumption (Fig. 3.4B) by reducing the expression level of guaiacol degradation 
cluster #2. Additionally, two pathways for a by-product of VAN and GUA catabolism, 
formaldehyde, in addition to the gluconeogenesis and pentose phosphate pathway genes that 
produce required enzymatic substrates, were all upregulated in both strains in the VAN, GUA, 
and mixture growth conditions (Fig. B.19). Several transporter genes were also upregulated, and 
gene knockout experiments demonstrated their importance for aromatic utilization or tolerance, 
as suggested previously (Yoneda et al., 2016). Together, these results show that R. opacus 
encodes a complex catabolic network for aromatic utilization, which includes a number of 
aromatic transporters and metabolic pathways that are regulated in a compound-specific manner.   
In our previous report, we performed adaptive evolution using phenol as a sole carbon source 
(Yoneda et al., 2016). Because lignin depolymerization generates heterogeneous aromatic 
mixtures, understanding tolerance and utilization mechanisms for a greater diversity of aromatic 
compounds and mixtures is necessary for lignin valorization. Accordingly, our current work 
tackles a substantially expanded set of adaptive evolution experiments on multiple lignin model 
compounds (including phenol) and their mixtures. From this large number of evolved 
trajectories, we chose six adaptive evolution experiments which represented both substrate 
diversity and mixture complexity, and performed comparative multi-omic analyses of selected 
mutant strains that were grown in these diverse aromatic carbon sources. Our comprehensive, 
multi-omic analyses allowed for elucidation of improved aromatic catabolism in evolved R. 
opacus strains as well as identification of multiple compound-specific pathways, facilitating 
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Chapter 4: Lipid metabolism of phenol 
tolerant Rhodococcus opacus strains for 
lignin bioconversion 
 
Reprinted with permission from Henson W.R., Hsu, F.F., Dantas G., Moon T.S., Foston M. 
Lipid metabolism of phenol tolerant Rhodococcus opacus strains for lignin bioconversion. In 
review at Biotechnology for Biofuels.    
 
Rhodococcus opacus PD630 is an actinomycete strain with a complex lipid metabolism 
and a cell wall composition that differs from other bacterial strains that could contribute to its 
aromatic tolerance and utilization. This chapter focuses on characterizing intracellular (i.e. 
triacylglycerol) and membrane lipids in a phenol adapted strain to determine if any lipidomic 




Lignin is a recalcitrant aromatic polymer that is a potential feedstock for renewable fuel 
and chemical production. Rhodococcus opacus PD630 is a promising strain for the biological 
upgrading of lignin due to its ability to tolerate and utilize lignin-derived aromatic compounds. 
To enhance its aromatic tolerance, we recently applied adaptive evolution using phenol as a sole 
carbon source and characterized a phenol-adapted R. opacus strain (evol40) and the wild-type 
(WT) strain by whole genome and RNA sequencing. While this effort increased our 
understanding of the aromatic tolerance, the tolerance mechanisms were not completely 
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elucidated. We hypothesize that the composition of lipids plays an important role in phenol 
tolerance. To test this hypothesis, we applied high resolution mass spectrometry analysis to lipid 
samples obtained from the WT and evol40 strains grown in 1 g/L glucose (glucose), 0.75 g/L 
phenol (low phenol), and 1.5 g/L phenol (high phenol, evol40 only) as a sole carbon source. This 
analysis identified >100 lipid species of mycolic acids, phosphatidylethanolamines (PEs), 
phosphatidylinositols (PIs), and triacylglycerols. In both strains, mycolic acids had fewer double 
bond numbers in phenol conditions than the glucose condition, and evol40 had significantly 
shorter mycolic acid chain lengths than the WT strain in phenol conditions. These results 
indicate that phenol adaptation affected mycolic acid membrane composition. In addition, the 
percentage of unsaturated phospholipids decreased for both strains in phenol conditions 
compared to the glucose condition. Moreover, the PI content increased for both strains in the low 
phenol condition compared to the glucose condition, and the PI content increased further for 
evol40 in the high phenol condition relative to the low phenol condition. This work represents 
the first comprehensive lipidomic study on the membrane of R. opacus grown using phenol as a 
sole carbon source. Our results suggest that the alteration of the mycolic acid and phospholipid 
membrane composition may be a strategy of R. opacus for phenol tolerance. 
4.2 Introduction 
Lignocellulose is a potential source of renewable fuels, chemicals, and materials, but it 
requires efficient conversion for commercial viability [1-3]. Lignocellulose is composed 
primarily of cellulose, hemicellulose, and lignin [4]. Cellulose and hemicellulose can be easily 
depolymerized into sugars which can be converted via microbial fermentation to bioproducts [3, 
5, 6]. However, lignin was designed by nature to give plants structural rigidity and to help plants 
resist biological attack, which makes industrial enzymatic or microbial depolymerization of 
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lignin difficult [7, 8]. A hybrid approach to lignin conversion has recently been proposed that 
combines the rapid depolymerization kinetics of catalytic or thermochemical processing with the 
metabolic funneling and selective bioproduction capabilities of microbial systems [9-11]. In this 
approach, lignin is thermochemically or catalytically depolymerized into diverse aromatic 
compounds, which are then converted by microbes into a single stream of valuable bioproducts 
[12]. However, lignin-derived aromatic compounds are toxic to most microbes and can reduce 
product titers, yields, and productivities in the fermentation of lignocellulosic hydrolysates [13]. 
Efforts are underway to improve the aromatic tolerance of microbes used for fermentation of 
lignocellulose-derived sugars and to develop strains that have aromatic degradation pathways to 
convert lignin-derived aromatics into valuable products [14-18].   
Rhodococcus opacus PD630 (hereafter R. opacus) is an important microbial strain for 
bioproduction due to its inherently high aromatic tolerance and ability to consume many 
different aromatic compounds found in depolymerized lignin [19-24]. R. opacus is a Gram-
positive actinomycete bacterium that can accumulate triacylglycerols (TAGs), a biodiesel 
precursor, up to ~78% of its cell dry weight when grown on sugars [25]. Moreover, with new 
developed synthetic biology tools [26-28], R. opacus could also be engineered for the 
bioconversion of lignin into many other bioproducts. While many studies have focused on 
characterizing the lipid metabolism of R. opacus for the goal of improving TAG accumulation 
[29-32], it is unknown whether, or how, the lipid metabolism plays a role in the tolerance of 
aromatic compounds.  
Cell membrane structure and composition are important for microbial stress tolerance. 
The cell membrane acts as a permeability barrier for the influx and efflux of different 
compounds, and microbes respond to stressful growth conditions by modifying the structure of 
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their cell membrane [33, 34]. For example, different yeast strains change their cell membrane 
composition under solvent stress [35, 36], acid stress [37], and freezing or salt stress [38]. For 
tolerance to aromatic compounds such as toluene, Gram-negative bacteria such as Pseudomonas 
putida convert cis-double bonds to trans-double bonds on fatty acid chains, increase amounts of 
cyclopropane fatty acids, and modify phospholipid head groups [39-41].  
Rhodococcus belongs to the Mycolata taxon that includes Corynebacterium, 
Mycobacterium, and Nocardia [42]. These bacteria have an unusually complex cell envelope 
compared to other Gram-positive bacteria (Fig. 4.1). For example, R. opacus has an outer 
membrane of mycolic acids (mycomembrane) [43-45] in addition to a phospholipid membrane 
[46, 47]. Studies in Rhodococcus strains indicate that they decrease fatty acid chain lengths and 
increase the amount of branched chain fatty acids during growth using aromatic compounds [48, 
49], and the presence of aromatic compounds has been shown to alter the composition of 
meromycolate chains of mycolic acid species [50-52]. However, changes in intact lipid species 
using soft ionization techniques have not been extensively studied in R. opacus grown using 
aromatic compounds as a sole carbon source, and their role in aromatic tolerance remains to be 
elucidated.  
Mass spectrometry is a useful tool for measuring changes in lipid composition in 
response to aromatic compounds. Collision-induced dissociation (CID) multiple stage high 
resolution mass spectrometry (HR-MS) provides detailed structural information which is 
essential for the identification of lipid species in non-model microbes[50]. In this work, we 
employed HR-MS together with liquid chromatography/mass spectrometry (LC/MS) to 
characterize cell membrane lipids, including mycolic acids and phospholipids, and biofuel target 
lipids, TAGs [23, 53]. Our approach enables the determination of the total carbon number and 
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double bond number that each intact lipid molecule has, while the approach using fatty acid 
methyl ester formation, followed by gas chromatography/mass spectrometry (GC/MS)[32, 49], 
can provide only information regarding whole cell fatty acid compositions rather than intact lipid 
compositions. In this work, the total carbon number is defined as the number of carbons present 
on all three acyl chains of each TAG molecule, both acyl chains of each phospholipid molecule, 
and the meromycolate and alpha branches of each mycolic acid molecule. Similarly, the total 
double bond number is defined as the number of double bonds or cyclopropane units present on 
all acyl chains or all branches of the corresponding lipid molecule. Because both numbers are 
crucial to membrane fluidity [54], this analysis can provide valuable insights into their effects on 
aromatic tolerance. 
To explore the relationship between lipid metabolism and aromatic tolerance in R. 
opacus, we characterized lipids from a phenol-adapted R. opacus strain (evol40) and the wild-
type (WT) strain that used glucose or phenol as a sole carbon source. evol40 was isolated from a 
culture that was serially passaged on increasing concentrations of phenol as a sole carbon source, 
and it demonstrated improved phenol tolerance and utilization in our previous work [20]. We 
hypothesized that 1) both the WT and evol40 strains would alter its lipid composition when 
grown using phenol compared to glucose as a sole carbon source, and 2) evol40 would have an 
different lipid composition from that of the WT strain when grown using phenol. We detected 
significant compositional changes in mycolic acids and phospholipids between strains during 
growth using phenol. Overall, this work provides new observations of the lipid metabolism of R. 
opacus during growth on a lignin depolymerization model compound and suggests a role of 





Figure 4.1. Conversion of phenol to lipids by R. opacus PD630. A. Cell membrane structure 
and simplified model for conversion of a lignin monomer (phenol) to lipids by R. opacus PD630 
[42]. Phenol is imported into the cell and converted to central metabolic intermediates acetyl-
CoA and succinyl-CoA [20, 66]. Next, acetyl-CoA is converted into acyl-CoAs by fatty acid 
synthase (FAS) Ia [32]. Phospholipids (PLs), triacylglycerols (TAGs), and -branches of 
mycolic acids (MAs) are synthesized using acyl-CoAs from FAS Ia, while meromycolate 
branches for mycolic acids are synthesized by further chain elongation using other fatty acid 
synthases (FAS II) or mycocerosic acid synthases (MAS) [32]. Triacylglycerols can be stored in 
lipid droplets[30]. PM = phospholipid membrane, PG = peptidoglycan layer, AG = 
arabinogalactan layer, MM = mycomembrane, and OL = outer layer. B. Representative 




4.3 Materials and Methods 
4.3.1. Cell cultures and lipid extraction 
Rhodococcus opacus PD630 (DSMZ 44193) was used as the WT strain for comparison to 
the phenol-adapted R. opacus strain evol40, which was generated and characterized in our 
previous work [20]. Cells were prepared in the same growth conditions (30 ℃, 250 r.p.m.) as 
RNA-Seq experiments as previously described [20]. Briefly, single colonies from LB plates were 
grown in 2 mL of minimal salts medium supplemented with 0.3 g/L phenol and 1 g/L 
ammonium sulfate as carbon and nitrogen sources, respectively, in a 50 mL glass culture tube for 
48 hours. After 48 hours, the cell culture was subcultured in increasingly larger volumes of the 
0.3 g/L phenol minimal media to prepare enough cells for the initial inoculum (see [20] for more 
information). To start the main culture, cells were centrifuged at 3000g for 10 minutes, 
resuspended in a minimal salts medium without carbon or nitrogen sources, and added to 100 mL 
of minimal salts medium supplemented with 1 g/L glucose (glucose), 0.75 g/L phenol (low 
phenol), or 1.5 g/L phenol (high phenol) as sole carbon sources and 0.05 g/L ammonium sulfate 
as the nitrogen source at an initial OD600 of 0.3. Cultures were grown to early stationary phase 
(OD600 ~1 for all cultures). The WT strain did not show significant growth (<1 doubling after 48 
hours) using 1.5 g/L phenol as a sole carbon source in volumes larger than 10 mL, so it was not 
included in our analysis.  
Lipids were extracted from cells using a modified Bligh-Dyer method [55]. Briefly, cells 
were centrifuged at 4600g for 15 minutes, and washed twice with 0.9% NaCl. Cell pellets were 
resuspended in 1 mL of 0.9% NaCl to an OD600 of 50, followed by addition of 2 mL chloroform 
and 1 mL methanol. Next, cells were briefly vortexed and then sonicated with a 10 mm sonicator 
probe tip at 20% amplitude using a program of one sec on and one sec off for 2.5 min. Following 
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sonication, 1 mL of chloroform, followed by 1 mL of 0.9% NaCl, was added to the mixture to 
induce phase separation, and the bottom organic phase was removed by glass pipet. The upper 
aqueous phase was re-extracted twice with 3.8 mL chloroform, and the organic phases were 
pooled and dried under a nitrogen stream and stored at -20 °C until use. After extraction, crude 
lipid extracts were resuspended in 2:1 chloroform:methanol (v/v) for analysis. 50 g of butylated 
hydroxytoluene (BHT) was added after extraction to prevent oxidation of lipids.  
4.3.2. Column fraction of lipid extracts  
The crude lipid extracts were separated by solid phase extraction using aminopropyl 
cartridges following a previously described method [56] with some modifications. Briefly, a 
Macherey-Nagel Chromabond® NH2 column (500 mg) was placed under a vacuum manifold for 
lipid loading and solvent elution with a flow rate of ~0.5 mL/min for all solvents. The column 
was pre-conditioned with 5 mL of hexane, and ~10 mg of lipids dissolved in 500 μL of 
chloroform:methanol (2:1 v/v) was loaded onto the column. Next, seven solvents were used to 
elute lipids from the column (in the following order): 2 mL of ethyl acetate:hexane (15:85 v/v), 3 
mL of chloroform:methanol (23:1 v/v), 3 mL of methyl-tert-butyl ether:acetic acid (98:5 v/v), 3 
mL of acetone:methanol (9:1.35 v/v), 2 mL of chloroform:methanol (2:1 v/v), 2 mL of 
chloroform:methanol:3.6 M aqueous ammonium acetate (30:60:8 v/v), and 2 mL of 0.1% 
NH4OH in methanol. The fractionated lipid samples were dried under a stream of nitrogen and 
stored at -20 °C until analysis.  
4.3.3. Liquid chromatography/mass spectrometry (LC/MS) analysis 
Lipid extracts were analyzed using an Agilent 1290 Infinity High Performance liquid 
chromatography system with a 1290 Infinity Autosampler coupled to an Agilent 6460 Triple 
Quadrupole mass spectrometer with an electrospray ionization source (ESI/MS). Separation of 
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lipids was achieved by a Phenomenex 150 × 2.1 mm (2.7 μ particle size) Kinetex C-18 column at 
a flow rate of 300 μL/min. The mobile phase contained 10 mM ammonium formate (pH 5.0) in 
solvent A-acetonitrile-water (60:40, v/v) and solvent B-2-propanol-acetonitrile (90:10, v/v). A 
gradient elution in the following manner was applied: 68% A, 0–1.5 min; 68–55% A, 1.5–4 min; 
55–48% A, 4–5 min; 48–42% A, 5–8 min; 42–34% A, 8–11 min; 34–30% A, 11–14 min; 30–
25% A, 14–18 min; 25–3% A, 18–25 min; 3–0% A, 25–30 min; 0% A, 30–35 min; 68% A, 35–
40 min. Positive ion mode was used to detect TAG species as [M+NH4]
+ ions while negative ion 
mode was used to analyze phospholipids and mycolic acid species as [M-H]- ions. 40 L of 
sample in 1:1 chloroform/methanol (v/v) was injected. The ESI/MS spectra for phospholipids 
(elution time, 4-24 minutes, 600-900 Da mass range), mycolic acids (22-35 minutes, 500-800 Da 
mass range), and TAGs (20-40 min, 600-1000 Da mass range) were signal averaged using 
Agilent MassHunter software. Principal component analysis was performed using the pca 
function in MATLAB 2016b.   
4.3.4. Structural characterization by ESI tandem mass spectrometry (MSn) 
Both high-resolution (m/m=100,000 at m/z 400) higher energy collision activation 
dissociation and low-energy collision-induced dissociation tandem mass spectrometry 
experiments were conducted on a Thermo Scientific (San Jose, CA) LTQ Orbitrap Velos mass 
spectrometer with Xcalibur operating system. Lipid extracts were dissolved in 0.5% NH4OH in 
methanol and were infused (1.5 μL/min) to the ESI source, where the skimmer was set at ground 
potential, the electrospray needle was set at 4.0 kV, and the temperature of the heated capillary 
was 300°C. The automatic gain control of the ion trap was set to 5x104, with a maximum 
injection time of 50 ms. Helium was used as the buffer and collision gas at a pressure of 1x10-3 
mbar (0.75 mTorr). The MSn experiments were carried out with an optimized relative collision 
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energy ranging from 25-45% and with an activation q value at 0.25, and the activation time at 10 
ms to leave a minimal residual abundance of precursor ion (around 20%). The mass selection 
window for the precursor ions was set at 1 Da wide to admit the monoisotopic ion to the ion-trap 
for collision-induced dissociation for unit resolution detection in the ion-trap or high resolution 
accurate mass detection in the Orbitrap mass analyzer. Mass spectra were accumulated in the 
profile mode, typically for 2-10 min for MSn spectra (n = 2, 3, 4). 
4.4 Results and Discussion 
4.4.1. High resolution MSn of the WT lipid extract and creation of a lipid 
species library 
Because the lipids of R. opacus have not been extensively studied, we performed high 
resolution (MSn) analysis on fractionated lipid extracts from the WT strain grown using glucose 
as a carbon source. A total of 23 phospholipids (11 PIs and 12 PEs), 53 mycolic acids, and 44 
TAGs were identified (Tables 4.1-4.3). The PI species consisted of C15-C20 acyl chains with 0-2 
double bonds, and PE species contained C14-C19 acyl chains with 0-2 double bonds (Table 4.1). 
These compositions are similar to those observed for other actinomycete strains such as M. 
smegmatis in which PI and PE are also the most abundant phospholipids [57]. However, we did 
not observe phosphatidylglycerol (PG) and cardiolipin, which have been observed in other 
actinomycetes [46, 47]. The mycolic acids contained C30-C42 meromycolate chains with 0-4 
double bonds, and C12-C18 -branches with 0-1 double bond (Table 4.2). These structures are 
also similar to those found in other Rhodococcus species [50, 58]. TAG species had 0-4 double 
bonds and a combined C36-C57 acyl chain carbons from three acyl groups (Table 4.3). To account 
for changes between strains and growth conditions, a lipid species library was also generated 
based on the observed acyl chain lengths and double bond numbers (Table C.1).  
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Table 4.1. Phospholipid species identified in R. opacus PD630. 
Phosphatidylinositol (PI) species 
     
Measured m/z 
(Da) 









Major Minor isomer 
819.5026 2.1 819.5029 -0.31 C42 H76 O13 P 17:1/16:1 
 
821.5181 30.99 821.5186 -0.41 C42 H78 O13 P 17:1/16:0 18:1/15:0 
823.5336 14.78 823.5342 -0.58 C42 H80 O13 P 17:0/16:0 
 
833.5182 3.62 833.5186 -0.31 C43 H78 O13 P 18:1/16:1 
 
835.5338 65.67 835.5342 -0.39 C43 H80 O13 P 18:1/16:0 
 
837.5491 44.79 837.5499 -0.73 C43 H82 O13 P 18:0/16:0 
 
847.5337 2.3 847.5342 -0.51 C44 H80 O13 P 19:1/16:1 18:1/17:1 
849.5493 35.85 849.5499 -0.5 C44 H82 O13 P 19:1/16:0 
 
851.5648 100 851.5655 -0.72 C44 H84 O13 P 19:0/16:0 
 
863.565 2.17 863.5655 -0.51 C45 H84 O13 P 19:0/17:1 20:1/16:0 
865.5806 3.8 865.5812 -0.56 C45 H86 O13 P 19:0/17:0 
  
Phosphatidylethanolamine (PE) species 
     
Measured m/z 
(Da) 









Major Minor isomer(s) 
674.4764 4.09 674.4766 -0.18 C36 H69 O8 N P 17:1/14:0 16:1/15:0 
686.4762 5.57 686.4766 -0.38 C37 H69 O8 N P 16:1/16:0 
 
688.492 26.9 688.4923 -0.24 C37 H71 O8 N P 18:1/14:0 17:1/15:0, 16:1/16:0 
700.4921 27.92 700.4923 -0.19 C38 H71 O8 N P 17:1/16:1 
 
702.5077 57.4 702.5079 -0.21 C38 H73 O8 N P 17:1/16:0 18:1/15:0 
704.5229 1.33 704.5236 -0.71 C38 H75 O8 N P 17:0/16:0 18:0/15:0, 19:0/14:0 
714.5077 75.12 714.5079 -0.2 C39 H73 O8 N P 18:1/16:1 
 
716.5233 100 716.5236 -0.28 C39 H75 O8 N P 18:1/16:0 
 
718.5385 3.66 718.5392 -0.76 C39 H77 O8 N P 18:0/16:0 
 
728.5233 5.25 728.5236 -0.25 C40 H75 O8 N P 19:1/16:1 18:1/17:1 
730.539 29.91 730.5392 -0.25 C40 H77 O8 N P 19:0/16:1 
 
732.5546 8.08 732.5549 -0.24 C40 H79 O8 N P 19:0/16:0 
 
 
Table 4.2. Mycolic acid species identified in R. opacus PD630.  
Measured m/z  
(Da) 








Structure (meromycolate chain/α-branch) 
Major structures Other isomers 
677.6450 677.6453 -0.29 C44 H85 O4 0.6 
  
679.6606 679.6610 -0.39 C44 H87 O4 0.82 
  
687.6656 687.6661 -0.43 C46 H87 O3 1.34 32:2/14:0; 34:2/12:0 30:2/16:0 
691.6606 691.6610 -0.4 C45 H87 O4 0.7 
  




701.6813 701.6817 -0.41 C47 H89 O3 2.22 31:2/16:0; 33:2/14:0 32:2/15:0 
707.6917 707.6923 -0.62 C46 H91 O4 0.72 
  
713.6814 713.6817 -0.31 C48 H89 O3 1.98 33:2/15:1; 34:3/14:0 
 
715.6970 715.6974 -0.38 C48 H91 O3 9.59 32:2/16:0; 34:2/14:0 33:0/15:0; 35:0/13:0 
717.7124 717.7130 -0.62 C48 H93 O3 0.96 
  
719.6919 719.6923 -0.36 C47 H91 O4 0.49 
  
721.7074 721.7079 -0.58 C47 H93 O4 1.02 
  
727.6969 727.6974 -0.44 C49 H91 O3 3.21 36:3/13:0; 35:3/14:0; 33:2/16:1; 34:3/15:0 34:2/15:1; 33:3/16:0; 35:2/14:1; 32:2/17:1 
729.7127 729.7130 -0.33 C49 H93 O3 10.71 36:2/13:0; 35:2/14:0; 33:2/16:0 32:2/17:0 
735.7232 735.7236 -0.42 C48 H95 O4 0.51 
  
739.6970 739.6974 -0.35 C50 H91 O3 0.44 34:3/16:1 36:3/14:1 
741.7127 741.7130 -0.35 C50 H93 O3 15.04 36:3/14:0 34:2/16:1; 34:3/16:0 
743.7283 743.7287 -0.42 C50 H95 O3 29.84 34:2/16:0 36:2/14:0; 35:2/15:0 
749.7386 749.7392 -0.62 C49 H97 O4 0.69 
  
753.7126 753.7130 -0.42 C51 H93 O3 0.86 
  
755.7282 755.7287 -0.45 C51 H95 O3 19.96 36:3/15:0; 37:3/14:0 35:3/16:0; 35:2/16:1; 34:2/17:1; 38:3/13:0 
757.7438 757.7443 -0.5 C51 H97 O3 24.26 36:2/15:0; 37:2/14:0 34:2/17:0; 38:2/13:0 
763.7543 763.7549 -0.56 C50 H99 O4 0.54 
  
767.7283 767.7287 -0.41 C52 H95 O3 4.3 36:3/16:1 38:3/14:1 
769.7438 769.7443 -0.48 C52 H97 O3 60.84 36:3/16:0; 38:3/14:0 37:3/15:0; 36:2/16:1 
771.7228 771.7236 -0.76 C51 H95 O4 0.52 
  
771.7593 771.7600 -0.7 C52 H99 O3 44.81 36:2/16:0 38:2/14:0; 37:2/15:0 
773.7388 773.7392 -0.39 C51 H97 O4 0.53 
  
777.7700 777.7705 -0.55 C51 H101 O4 0.48 
  
781.7439 781.7443 -0.44 C53 H97 O3 4.32 37:3/16:1 38:3/15:1; 36:3/17:1 
783.7231 783.7236 -0.44 C52 H95 O4 0.6 
  
783.7594 783.7600 -0.53 C53 H99 O3 52.26 37:3/16:0; 38:3/15:0 39:3/14:0; 36:3/17:0 
785.7389 785.7392 -0.37 C52 H97 O4 1.28 h36:3/16:1 
 
785.7747 785.7756 -0.88 C53 H101 O3 18.21 37:2/16:0 37:2/17:0; 38:2/15:0 
787.7544 787.7549 -0.47 C52 H99 O4 0.64 h36:3/16:0 
 
795.7595 795.7600 -0.43 C54 H99 O3 12.65 38:3/16:1 
 
797.7392 797.7392 -0.02 C53 H97 O4 0.78 
  
797.7749 797.7756 -0.7 C54 H101 O3 100 38:3/16:0 39:3/15:0; 40:3/14:0 
799.7542 799.7549 -0.67 C53 H99 O4 1.51 h37:3/16:0 h36:3/17:0; h38:3/15:0 
801.7697 801.7705 -0.88 C53 H101 O4 0.5 
  
809.7751 809.7756 -0.54 C55 H101 O3 5.99 38:3/17:1; 39:3/16:1 
 
811.7543 811.7549 -0.6 C54 H99 O4 1.77 
  
811.7906 811.7913 -0.63 C55 H103 O3 37.52 39:3/16:0 38:3/17:0; 40:3/15:0 
813.7698 813.7705 -0.69 C54 H101 O4 2.09 h38:3/16:0 
 
823.7907 823.7913 -0.6 C56 H103 O3 5.21 40:4/16:0; 40:3/16:1 39:3/17:1; 38:3/18:1 
825.7699 825.7705 -0.63 C55 H101 O4 1.03 
  
825.8063 825.8069 -0.6 C56 H105 O3 27.68 40:3/16:0 39:3/17:0 
827.7857 827.7862 -0.49 C55 H103 O4 0.96 
  
837.8064 837.8069 -0.54 C57 H105 O3 1.42 40:3/17:1; 41:3/16:1 
 
839.7855 839.7862 -0.71 C56 H103 O4 1 
  




841.8010 841.8018 -0.85 C56 H105 O4 0.51 
  
853.8374 853.8382 -0.81 C58 H109 O3 0.6 42:3/16:0; 41:3/17:0 40:3/18:0 
       
Table 4.3. Triacylglycerol species identified in R. opacus PD630.  
Measured m/z (Da) 
[M + NH4]
+ Rel. Intensity (%) Theoretical Mass (Da) Deviation (mDa) Composition 
654.5664 0.94 654.5667 -0.34 C39 H76 O6 N 
668.5819 0.49 668.5824 -0.47 C40 H78 O6 N 
710.629 0.82 710.6293 -0.32 C43 H84 O6 N 
724.6447 1.45 724.645 -0.27 C44 H86 O6 N 
738.6603 2.35 738.6606 -0.36 C45 H88 O6 N 
750.6605 0.75 750.6606 -0.15 C46 H88 O6 N 
752.6758 2.48 752.6763 -0.45 C46 H90 O6 N 
764.676 1.42 764.6763 -0.28 C47 H90 O6 N 
766.6915 4.18 766.6919 -0.44 C47 H92 O6 N 
768.707 0.37 768.7076 -0.52 C47 H94 O6 N 
776.6772 0.48 776.6763 0.95 C48 H90 O6 N 
778.6919 2.17 778.6919 -0.03 C48 H92 O6 N 
780.7072 5.64 780.7076 -0.41 C48 H94 O6 N 
792.7074 5.75 792.7076 -0.18 C49 H94 O6 N 
794.7229 14.41 794.7232 -0.36 C49 H96 O6 N 
806.7233 11.93 806.7232 0.06 C50 H96 O6 N 
808.7385 25.6 808.7389 -0.37 C50 H98 O6 N 
820.7388 35.39 820.7389 -0.08 C51 H98 O6 N 
822.7541 63.2 822.7545 -0.39 C51 H100 O6 N 
834.7544 54.02 834.7545 -0.11 C52 H100 O6 N 
836.7696 79.35 836.7702 -0.55 C52 H102 O6 N 
848.7697 76.36 848.7702 -0.42 C53 H102 O6 N 
850.7851 100 850.7858 -0.69 C53 H104 O6 N 
858.7538 0.38 858.7545 -0.74 C54 H100 O6 N 
860.7711 4.48 860.7702 0.96 C54 H102 O6 N 
862.7852 49.71 862.7858 -0.59 C54 H104 O6 N 
864.8006 55.85 864.8015 -0.83 C54 H106 O6 N 
874.7853 4.12 874.7858 -0.54 C55 H104 O6 N 
876.8008 39.32 876.8015 -0.69 C55 H106 O6 N 
878.8162 40.34 878.8171 -0.96 C55 H108 O6 N 
888.8008 2.47 888.8015 -0.71 C56 H106 O6 N 
890.8164 17.49 890.8171 -0.71 C56 H108 O6 N 
892.8319 19.93 892.8328 -0.91 C56 H110 O6 N 
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902.8162 2.36 902.8171 -0.87 C57 H108 O6 N 
904.832 17.21 904.8328 -0.73 C57 H110 O6 N 
906.8475 18.74 906.8484 -0.96 C57 H112 O6 N 
916.8319 3.39 916.8328 -0.82 C58 H110 O6 N 
918.8476 11.2 918.8484 -0.84 C58 H112 O6 N 
920.8632 9.19 920.8641 -0.91 C58 H114 O6 N 
930.8476 3.06 930.8484 -0.81 C59 H112 O6 N 
932.8633 9.53 932.8641 -0.81 C59 H114 O6 N 
934.8788 5.38 934.8797 -0.96 C59 H116 O6 N 
944.8631 1.96 944.8641 -0.96 C60 H114 O6 N 
946.8788 3.37 946.8797 -0.87 C60 H116 O6 N 
 
4.4.2. LC/MS and principal component analysis of WT and evol40 lipid 
extracts 
Using LC/MS and our lipid species library, we compared lipid species from the WT and 
evol40 strains from each growth condition using principal component analysis (PCA) to detect 
overall changes between samples (Fig. 4.2; Table C.1): 1 g/L glucose (glucose), 0.75 g/L phenol 
(low phenol), and 1.5 g/L phenol (high phenol, evol40 only) as a sole carbon source. The WT 
low phenol, the evol40 low phenol, and the evol40 high phenol data points were generally well-
separated from others, while the WT glucose and the evol40 glucose data points clustered 
together. These results suggest that both strains alter multiple lipid types in low phenol compared 
to glucose and that the evol40 strain has a lipid profile distinct from that of the WT strain in both 




Figure 4.2. Principal component analysis of lipid types identified using LC/MS. A. Principal 
component analysis (PCA) of all identified lipids. B. PCA of mycolic acid species. C. PCA of 
triacylglycerol species. D. PCA of phospholipid species. Because triacylglycerol ion counts are 
>98% of total ion counts in each sample, the PCA plots for all lipid species (2A) and 
triacylglycerol species (2C) are almost identical. Each point represents one replicate. WTG = 
WT strain grown in 1 g/L glucose. 40G = evol40 grown in 1 g/L glucose. WTLP = WT strain 
grown in 0.75 g/L phenol. 40LP = evol40 strain grown in 0.75 g/L phenol. 40HP = evol40 strain 
grown in 1.5 g/L phenol. PC1 = 1st principal component; PC2 = 2nd principal component. Percent 
represents the amount of variance explained by each principal component.  
 
4.4.3. Profiling of mycolic acid species in different growth conditions 
Mycolic acids have been implicated in the high tolerance of mycobacteria to antibiotics, 
and they have been shown to change in actinomycetes in response to aromatic compounds [59, 
60]. Thus, we hypothesized that WT and evol40 would alter its mycolic acid composition in 
phenol relative to glucose, and evol40 would have an altered composition compared to the WT 
strain in phenol. In low phenol relative to glucose, the average mycolic acid double bond number 
decreased by 12% in the WT strain and by 16% in evol40 (P = 0.044 and P = 0.003, respectively; 
one mean, two tailed Student’s t-test; Fig. 4.3A, Fig. C.1). For evol40, this average decreased 
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further by 13% in high phenol relative to low phenol (P = 0.008). These observations are 
consistent with the findings obtained by GC/MS analysis that fatty acids derived from mycolic 
acids in R. opacus PWD4 had decreased double bond numbers during growth in the presence of 
chlorophenol (not as a sole carbon source) compared to the absence of chlorophenol [52]. Thus, 
our observations may indicate that increased mycolic acid saturation is a general response of R. 
opacus species to aromatic compounds.   
Figure 4.3. Mycolic acid composition of R. opacus strains using glucose and phenol as sole 
carbon sources.  A. Heat map of double bond (DB) numbers for mycolic acids (MAs) in the WT 
and evol40 strains. The values shown in the heat map are the average of three replicates. See 
color bar for scale. The DB number represents the total number of double bonds and 
cyclopropane units on all acyl chains.  B. Heat map of MA carbon (C) number distribution, 
defined as the total number of carbons located on acyl chains. The values shown in the heat map 
are the average of three replicates. See color bar for scale. WTG = WT strain grown in 1 g/L 
glucose (glucose). 40G = evol40 grown in glucose. WTLP = WT strain grown in 0.75 g/L phenol 
(low phenol). 40LP = evol40 strain grown in low phenol. 40HP = evol40 strain grown in 1.5 g/L 
phenol (high phenol). MA percentage is defined as the total ion counts of each category (DB 
number or C number) divided by the total ion counts of all mycolic acids detected in each 
sample.  
 
Carbon numbers of mycolic acids were shifted in phenol relative to glucose (Fig. 4.3B). 
In the WT strain, the average carbon number of mycolic acids was similar in glucose and low 
phenol (P = 0.79), while the average carbon number of mycolic acids decreased by ~2 carbons (P 
= 0.001) for evol40 in low phenol relative to glucose (Fig. 4.3B, Figs. C.2 and C.3). The average 
mycolic acid carbon number was also significantly different between the two strains in low 
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phenol (P = 0.027), suggesting that the two strains remodel their mycomembranes differently in 
response to phenol. In addition, evol40 decreased its average mycolic acid carbon number by 
another ~1 carbon in high phenol relative to low phenol (P = 0.023; Figs. C.2 and C.3). 
Decreased mycolic acid chains lengths were also observed for R. opacus PWD4 in the presence 
of chlorophenol [52]. Overall, shorter mycolic acid chain lengths in evol40 during growth using 
phenol suggest that potential alterations in mycomembrane composition could affect phenol 
tolerance.  
4.4.4. Profiling of phospholipid species in different growth conditions 
The inner membrane consists of phospholipids in R. opacus (Fig. 4.1), and some bacteria 
modify phospholipid head groups and the number and type of double bonds in response to 
organic solvents and aromatic compounds [40, 61, 62]. We compared the ratio of the two 
dominant phospholipid species in R. opacus, PI and PE, for each strain and growth condition, 
hypothesizing that R. opacus might also change phospholipid composition during growth using 
phenol as a sole carbon source (Fig. 4.4A). The PI/PE ratio increased by 130% for the WT strain 
and 60% for the evol40 strain in the low phenol condition compared to the glucose condition (P 
= 0.042 and P = 0.026, respectively; one mean, two-tailed Student’s t-test). In the evol40 strain, 
the PI/PE ratio was 240% higher in high phenol relative to low phenol and 440% higher relative 
to glucose (P = 0.032 and P = 0.020, respectively; one mean, two-tailed Student’s t-test). PI is an 
uncommon phospholipid in bacteria and is more commonly found in eukaryotes such as yeast 
[63]. In actinomycete strains, PI is an essential phospholipid for growth, and it is a precursor for 
PI-mannoside and other membrane components such as lipoarabinomannan [57, 64]. 
Modification of phospholipid head groups has been shown to increase tolerance to various 
compounds in Escherichia coli, including aromatic compounds [65]. This work demonstrates the 
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first study in bacteria where PI is increased in response to phenol and suggests that phospholipid 
head groups, specifically inositol head groups, could be related to phenol tolerance in R. opacus. 
Figure 4.4. Phospholipid composition of R. opacus strains using glucose and phenol as sole 
carbon sources.  A. Ratio of phosphatidylinositol (PI) to phosphatidylethanolamine (PE) total 
ion counts in the WT and evol40 strains using glucose and phenol as sole carbon sources. B. 
Percentage of unsaturated phospholipids (PLs) in WT and evol40 strains using glucose and 
phenol as sole carbon sources. C. Distribution of phospholipid carbon (C) numbers in WT and 
evol40 strains. Here, C number is defined as the total number of acyl chain carbons. Each square 
is the average of three replicates. PL percentage is defined as the total ion counts of each 
category (unsaturated phospholipids or C number) divided by the total ion counts of all detected 
PI and PE species in the sample. For A and B, bars represent the average of three replicates, error 
bars represent one standard deviation, and statistical significance was determined using a one 
mean, two-tailed Student’s t-test (* = P < 0.05; ** = P < 0.01). WTG = WT strain grown in 1 g/L 
glucose (glucose). 40G = evol40 grown in glucose. WTLP = WT strain grown in 0.75 g/L phenol 
(low phenol). 40LP = evol40 strain grown in low phenol. 40HP = evol40 strain grown in 1.5 g/L 
phenol (high phenol).  
 
Shifts in the average phospholipid double bond number were also observed (Fig. 4.4B). 
Both the WT and evol40 strains had lower percentages of unsaturated phospholipids in low 
phenol relative to glucose, and the evol40 strain had even lower percentages in high phenol 
relative to low phenol and glucose (Fig. 4.4B), a trend that was also observed for mycolic acids 
(Fig. 4.3A). This trend towards fewer double bonds was also generally observed for PI and PE 
separately (Fig. C.4). While we observed significant changes in chain lengths for mycolic acids 
in evol40 (Fig. 4.3B), relatively minor shifts in phospholipid chain lengths occurred, and no clear 
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trend emerged between strains or growth conditions (Fig. 4.4C, Figs. C.4 and C.5). Studies in 
other organisms have shown that the addition of phenol to cultures can also decrease the double 
bond number of phospholipids [40, 61], and studies of derivatized fatty acids from R. opacus 
GM-14, GM-29, and 1CP grown in aromatic compounds also had fewer double bonds compared 
to those from cells grown using fructose as a sole carbon source [49]. These results suggest that 
phospholipid unsaturation could be related to phenol tolerance in R. opacus species.   
4.4.5. Profiling of triacylglycerol species in different growth conditions 
R. opacus accumulates large amounts of TAGs under nitrogen limitation using many 
different carbon sources [25]. To determine if any changes occurred in TAGs, a lipid class 
important for biofuel production, we analyzed the TAG composition in each strain and growth 
condition (Fig. 4.5). We hypothesized that the TAG profile would be different between glucose 
and low phenol for both strains and between the WT and evo40 strains in phenol. The WT strain 
decreased the average TAG double bond number by 14% in low phenol relative to glucose, while 
the average TAG double bond number remained roughly the same between the two conditions in 
the evol40 strain (P = 0.005 and P = 0.93, respectively; one mean, two-tailed Student’s t-test; 
Fig. 5A, Fig. C.6). However, evol40 had a 25% lower average TAG double bond number in high 
phenol relative to low phenol (P = 5 x 10-4), which was also significantly lower than the WT in 
low phenol (P = 0.016). This shift to fewer double bonds in the WT strain also occurred in R. 
opacus GM-14, GM-29, and 1CP, in which growth in phenol as a sole carbon source reduced the 
percentage of double bonds on fatty acid chains compared to fructose as a sole carbon source 
[49]. The average TAG carbon number slightly increased in low phenol for both strains relative 
to glucose, but it decreased for evol40 in high phenol relative to low phenol, which makes the 
trend less clear (Fig. 4.5B, Figs. C.7 and C.8). These changes, along with changes in the mycolic 
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acid and phospholipid composition, suggest that WT and evol40 respond differently to phenol, 
and lipid unsaturation could play a role in phenol tolerance in R. opacus.  
Figure 4.5. Triacylglycerol composition of WT and evol40 strains using glucose and phenol 
as sole carbon sources. A. Distribution of TAG double bond (DB) numbers in the WT and 
evol40 strains in each condition. The DB number represents the total number of double bonds 
and cyclopropane units on acyl chains. B. Heat map of TAG carbon (C) number distribution, 
with the C number defined as the total number of acyl chain carbons. TAG percentage is defined 
as the total ion counts of each category (DB number or C number) divided by the total ion counts 
of all TAGs detected in each sample. Values in the heat map are the average of three replicates. 
See color bar for scale. WTG = WT strain grown in 1 g/L glucose. 40G = evol40 grown in 1 g/L 
glucose. WTLP = WT strain grown in 0.75 g/L phenol. 40LP = evol40 strain grown in 0.75 g/L 
phenol. 40HP = evol40 strain grown in 1.5 g/L phenol.  
 
4.5 Conclusions 
Hybrid chemical and biological approaches to lignin valorization require a deeper 
understanding of bacterial aromatic tolerance and utilization mechanisms. R. opacus is a 
promising host for the biological conversion of lignin-derived aromatic compounds into valuable 
products, but the role of its lipid metabolism in aromatic tolerance is not well understood. This 
study characterized the three lipid types (mycolic acids, phospholipids, and TAGs) in the WT 
and a phenol-adapted strain of R. opacus (evol40) when grown using glucose and phenol as sole 
carbon sources. For all lipid species characterized, a general trend towards fewer double bonds in 
lipid species was observed during growth using phenol. Mycolic acids had fewer double bonds 
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during growth using phenol compared to glucose for both strains, and mycolic acid chain lengths 
in evol40, but not in the WT strain, were significantly shorter in phenol conditions compared to 
the glucose condition, showing the similarity and difference in phenol responses between the two 
strains. The relative amount of PI increased in phenol growth conditions, which suggests that 
phospholipid head groups, specifically inositol head groups, could play a role in R. opacus 
phenol tolerance. Overall, this work represents the first lipidomic study of membrane and TAG 
lipids in R. opacus using phenol as a sole carbon source. These results suggest that the lipid 
metabolism of R. opacus is related to phenol tolerance by affecting the mycomembrane and 
phospholipid membrane composition during growth using phenol.  
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Chapter 5: Future Directions 
 
5.1 Conclusions 
This work describes the application of a systems biology approach to identify aromatic 
tolerance and utilization mechanisms in R. opacus with the goal of improving the conversion of 
lignin into valuable products. These efforts have identified valuable insights into aromatic 
tolerance and utilization, namely 1) the identification of aromatic consumption pathways in R. 
opacus, 2) that individual aromatic compound funneling pathways are related to the consumption 
of each lignin model compound tested, 3) that transport of aromatic compounds is essential for 
aromatic tolerance and utilization, 4) that redox metabolism and detoxification pathways could 
play a role in R. opacus tolerance to aromatic compounds, and 5) that the lipid metabolism of R. 
opacus is related to aromatic tolerance and utilization by affecting the composition of membrane 
lipids during growth using a lignin model compound as a sole carbon source. Additionally, many 
adapted strains were generated that have improved aromatic tolerance for future analysis. 
Transitioning to real-world applications of these findings requires further research efforts, 
namely, further characterization of genomic and transcriptomic targets identified in this work, 
improved integration of biomass deconstruction methods and microbial conversion, and more 
exploration of microbial diversity in diverse environments.  
5.2 Future directions 
5.2.1. Pursuing engineering targets identified from this work for lignin 
bioconversion 
One direction for future work is exploring targets identified from our multi-omics 
analysis in more detail. In Chapters 2 and 3, comparative genomics of adapted strains identified 
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many different targets that require further investigation to determine their role in aromatic 
tolerance and utilization. For example, mutations were observed in putative cytochrome c 
oxidase, superoxide dismutase, phosphoenolpyruvate carboxykinase, and fructose-bisphosphate 
aldolase genes across multiple evolutionary lineages. These targets could be explored using gene 
knockout, SNP replacement, or gene repression tools. Additionally, highly upregulated genes 
such as transporters and funneling pathways could also be overexpressed or knocked out to 
elucidate their role in aromatic tolerance. Some mutations indicate that adapted strains have 
modified gluconeogenesis and other metabolic pathways, which could be explored using 13C or 
genome-scale modeling approaches (1-3). In Chapter 4, phospholipid head groups were modified 
when using phenol as a sole carbon source compared to glucose as a sole carbon source, and 
modification of phospholipid head groups have been shown to affect tolerance to different 
compounds (4). Performing genome engineering studies in R. opacus strains as well as applying 
modeling approaches could provide more insight into the aromatic tolerance and utilization 
mechanisms of adapted strains generated in this work.  
5.2.2. Integrating biomass deconstruction methods and microbial conversion 
to fuels and chemicals 
Additionally, further efforts to integrate biomass deconstruction and microbial conversion 
could lead to lower costs for bio-based fuels and chemicals. Current biomass pretreatment 
approaches first employ a physical pretreatment, followed by chemical pretreatment and 
enzymatic hydrolysis steps to release sugars for fermentation (5). However, costs are still high 
for this method of deconstructing biomass (6-8). One suggested alternative is simultaneous 
saccharification and fermentation, where enzymatic hydrolysis and fermentation occur 
simultaneously to reduce residence times and improve yields (9-11). Consolidated bioprocessing 
is another potential approach, where microbes both deconstruct biomass and produce valuable 
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products (12-14). A more recently developed approach is co-treatment, where cellulolytic 
bacteria are added during the grinding and milling process to produce ethanol (15,16). The 
downsides of these processes are lower titers, slower kinetics, and in some cases, the 
prioritization of sugars over lignin as a feedstock for microbial conversion.  
Lignin utilization strategies such as hybrid thermochemical and biological conversion 
indicate that new ideas on biomass conversion could further improve efficiencies by 
simultaneously prioritizing both the sugar and lignin components of lignocellulose (17). New 
strategies involve separate treatment of sugar and lignin streams so that lignin bioconversion can 
complement sugar fermentation for value-added product synthesis  (18,19). Other approaches, 
such as “lignin-first” processing, expand on this concept and remove lignin from the biomass at 
the beginning of pre-treatment to keep both sugar and lignin streams available for microbial 
conversion to fuels and chemicals (20,21). Directly interfacing lignin bioconversion with 
biomass deconstruction strategies could lead to improved lignin utilization and lower costs for 
bio-based fuels and chemicals.   
5.2.3. Exploring the diversity of bacterial genomes for biomass conversion 
There are many microbes that could have valuable traits, but they have been less explored 
due to the lack of engineering tools, functional information, or location. For example, 
Cyanothece sp. 55142 can fix both carbon dioxide and atmospheric nitrogen (22), while some 
clostridial strains can withstand high concentrations of solvents like acetone, butanol, and 
ethanol (23,24) and depolymerize cellulose into digestible sugars (25). Additionally, there is a 
vast, untapped resource of uncharacterized microbial genomes from diverse environments such 
as soil (26), insect guts (27), and the ocean (28). Some of these microbes are not culturable by 
traditional microbiological methods (29), but they could provide a wealth of new enzyme 
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functionalities for synthetic biology and metabolic engineering applications (30). Performing 
genomic screens (31) on these species could unveil new aromatic degradation pathways, 
tolerance mechanisms, and new target metabolites for production. Overall, further development 
of lignin valorization and biomass deconstruction technologies could provide new avenues to the 
microbial production of fuels and chemicals from lignocellulosic biomass. 
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Appendix A: Supplementary Data for 
Comparative transciptomics eludicates 
Rhodococcus opacus adaptive phenol 
tolerance 
 
A.1 Supplementary Materials and Methods 
A.1.1. Chemicals, strains, and growth conditions 
 All chemicals for growth experiments were purchased from Sigma Aldrich (St. Louis, 
MO). Rhodococcus opacus PD630 (DSMZ 44193) was used as the parental strain (WT) for 
comparison to all mutated strains. Cultures were grown in a New Brunswick Innova 44R shaking 
incubator at 30°C at 250 rpm. For all experiments, R. opacus PD630 was grown in a defined 
minimal salts medium (MSM) containing 9.00 g Na2HPO4·12H2O, 1.50 g KH2PO4, 0.20 g 
MgSO4·7H2O, 1.2 mg FeNH4 citrate, 20 mg CaCl2, 2 mL Hoagland solution, and 0.50 g 
NaHCO3 per liter of distilled water. The nitrogen source was 1 g/L (NH4)2SO4 unless otherwise 
noted. Both nitrogen and carbon sources were added from filter-sterilized stock solutions. 
Culture media were filter-sterilized using a 0.22 μm filter. Strains were maintained on LB agar 
plates by streaking.  
 For RNA-Seq experiments, single colonies from LB agar plates were grown in 2 mL of 
0.3 g/L phenol in minimal media for 48 hours in a 50 mL glass culture tube. The 2 mL of cell 
culture was then added to 10 mL of 0.3 g/L phenol minimal media in a 50 mL glass culture tube 
for 24 hours, and then subcultured again in 100 mL of 0.3 g/L in a 250 mL baffled flask for 24 
hours. The final subculture for each experiment was 150 mL of 0.3 g/L phenol in a 250 mL 
baffled flask for 24 hours. In the final step, the cells were centrifuged at 3000 x g for 10 minutes, 
132 
 
then re-suspended in carbon- and nitrogen-free minimal media, and added to 250 mL baffled 
flasks with 100 mL of minimal medium containing 1 g/L glucose, 0.75 g/L phenol, or 1.5 g/L 
phenol supplemented with 0.05 g/L (NH4)2SO4 at an initial optical density (OD600) of 0.3. 
Cultures were harvested at late exponential/early stationary phase (OD600 ~1 for all cultures). 
The WT strain did not show significant growth in 1.5 g/L phenol when grown in such large 
volumes of media (10 mL or larger). 
 Growth assays were performed by culturing single colonies from LB agar plates in 2 mL 
of minimal medium supplemented with 0.3 g/L phenol as the sole carbon source in a 50 mL glass 
tube. After 36-48 hours, the 2 mL of cell culture was added to 10 mL of 0.3 g/L phenol minimal 
media and subcultured for an additional 24 hours. Cells were centrifuged at 2000 x g for 5 min, 
resuspended in carbon-free media, and added to 96-well plates (Chimney well F-bottom, REF-
655096, Grenier Bio-One) to an initial OD600 of 0.01 with a total volume of 200 μL unless 
otherwise indicated. Carbon sources were added from concentrated stock solutions. Absorbance 
measurements (at 600 nm) were performed on a TECAN Infinite M200 Pro plate reader for 45 
hours, and OD600 values were obtained by multiplying 1.975, the experimentally determined 
conversion factor (OD600 = 1.975 x Absorbance600 from the Tecan value; R
2 = 1.00). Specific 
growth rates were calculated by fitting optical density measurements in the log phase. Lag phase 
was calculated as the time for more than two doublings to occur (OD600 > 0.04). IC50 values were 
calculated in Prism (GraphPad Software, Inc.) using a four parameter inhibitor response curve 
from OD600 measurements made at different time points.  
 
A.1.2. RNA and DNA isolation 
 75 mL of R. opacus liquid cultures were harvested by centrifugation and stored in 3 mL 
of RNAShield (Zymo Research) for 30 minutes at room temperature, and then stored at 4ºC until 
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all samples were harvested and stored. RNA-stabilized cells were divided into three tubes, and 
centrifuged again to remove RNAShield. The cells from one set containing all 24 samples (eight 
strain:conditions, biological triplicates; Supplementary Figure A.1) were used to isolate total 
RNA, while the rest were stored at -80ºC as backup samples.  
 Total RNA was isolated using a ZR Fungal/Bacterial RNA MiniPrep kit (Zymo 
Research) following the manufacturer’s protocol with a version that removes most of small 
RNAs. The total RNA was treated with TURBO DNase I (Ambion) for 30 minutes at 37ºC (6U 
enzyme up to 6 µg of total RNA). After DNase I treatment, total RNA samples were cleaned 
using an RNA Clean & Concentrator kit (Zymo Research) and eluted in 20 µL of nuclease free 
water. Total RNA was checked by PCR to confirm the absence of contaminating genomic DNA 
and quantified using a Qubit RNA-HS kit (Invitrogen) after appropriate dilutions.  
Genomic DNA was isolated from identical samples used for RNA-Seq. A standard bead beating-
phenol-chloroform isolation method was used to isolate genomic DNA. RNaseA-treated and 
purified genomic DNA was quantified using a Qubit DNA BR kit. 
 
A.1.3. rRNA depletion from R. opacus total RNA 
 5 µg of DNase I-treated, cleaned total RNA of each sample was used to deplete 
ribosomal RNA using a RiboZero rRNA Removal Kit Bacteria (Epicentre, currently Illumina). 
Ribosomal RNA was depleted according to the manufacturer’s protocol, except for a minor 
modification: for the rRNA probe-RNA sample hybridization step at room temperature, samples 
were vigorously mixed by vortexing every 2 minutes for 10 minutes, and a 50ºC incubation was 
changed to a 52ºC incubation for 10 minutes, with vortexing every 2 minutes. After rRNA 
depletion, samples were cleaned using RNAClean XP beads (Agencourt). Aside from quality and 
quantity checking, all of rRNA-depleted RNA samples were used to generate cDNA. First strand 
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cDNA was synthesized using 1 µL PrimeScript (Clontech), 1 µL 10mM dNTP mix (67% GC), 
0.5 µL Random Primers (3 µg/mL, Invitrogen), 4 µL 5x PrimeScript buffer, and 1 µL RNase 
inhibitor (included in RiboZero kits) at 24ºC for 10 minutes, 42ºC for 50 minutes, and 70ºC for 
15 minutes. Second strand synthesis mix (61.75 µL nuclease-free water, 10 µL NEBuffer 2, 3 µL 
10 mM dNTP mix, 5 µL E. coli DNA polymerase I (NEB), 0.25 µL RNase H (NEB)) was added 
to the first strand cDNA and incubated for 2 hours at 16ºC. 1 µL E. coli DNA ligase was added 
to each reaction and the samples were incubated at 16ºC for another 15 minutes before clean-up 
using a Qiagen PCR purification kit. Double-stranded cDNA was quantified using a Qubit DNA 
HS kit, and 50 µL of the eluate containing all cDNA was used to generate the Illumina library.  
 
A.1.4. Microscopy 
 For fluorescence microscopy, R. opacus cells were stained as described previously 
(MacEachran et al, 2010). Stained cells on prepared slides were observed using Axioskop 2 
MOT Plus microscope (Carl Zeiss, Inc.). Images were acquired with an AxioCam MRm camera 
(Carl Zeiss, Inc.) using Axiovison software. For transmission electron microscopy, R. opacus 
cells were fixed for 2 hours at room temperature in 2% paraformaldehyde/2.5% glutaraldehyde 
(Polysciences Inc.) in 100 mM cacodylate buffer (pH 7.2). Samples were washed in cacodylate 
buffer and postfixed in 1% osmium tetroxide (Polysciences Inc.) for 1 hour. Samples were then 
rinsed extensively in dH2O prior to en bloc staining with 1% aqueous uranyl acetate (Ted Pella 
Inc.) for 1 hour.  Following several rinses in dH2O, samples were dehydrated in a graded series 
of ethanol and embedded in Eponate 12 resin (Ted Pella Inc.). Sections of 95 nm were cut with a 
Leica Ultracut UCT ultramicrotome (Leica Microsystems Inc.,), stained with uranyl acetate and 
lead citrate, and viewed on a JEOL 1200 EX transmission electron microscope (JEOL USA Inc.) 




A.1.5. Lipid quantification using the Folch method 
Cellular lipids were extracted using the Folch method (Folch et al, 1957) with some 
modifications. Briefly, 100 mL of cell culture was pelleted at 4600g for 15 minutes, washed 
twice with 0.1% ammonium acetate, and lyophilized overnight. ~10 mg of lyophilized biomass 
was resuspended in 2 mL of a 2:1 chloroform:methanol solution with glass beads and vortexed 
for 20 minutes. Next, 400 L of 0.9% NaCl was added to induce phase separation and the 
mixture was incubated at room temperature for 15 minutes. The organic phase was removed and 
extracted twice to eliminate carryover from the aqueous phase. Samples were weighed after 
drying overnight at 60°C to determine total lipid content (% CDW lipid; CDW, cell dry weight).  
 
A.1.6. Measurement of phenol concentrations in culture media  
To estimate the concentration of phenol in cell cultures over time (Supplementary Figure 
A.3), 1 mL aliquots of cell culture were centrifuged at 16,000g for 5 min, and 100 L of 
supernatant was diluted 10-fold in minimal medium with no carbon source and stored at –20°C 
until measurement. Absorbance at 280 nm was measured in a quartz cuvette using a Nanodrop 
2000c spectrophotometer (Thermo Fisher Scientific, USA) and correlated to phenol 
concentration by comparing the absorbance value at 280 nm with that of a standard curve which 
was obtained by using known concentrations of phenol in minimal medium without cells 






A.2 Supplementary Computational Methods 
 
A.2.1. RPKM Calculation 
Rpkm values were calculated using a standard method. 
C = Number of reads mapped to a gene 
N = Total mapped reads in the experiment 
L = gene length (base-pairs) 
Equation = RPKM = (10^9 * C)/(N * L) 
 
code in R 
for(i in 1:length(Ro_CAS_samplenames)) { 
    for(k in 1:length(Ro_CAS_genenames)) 






A.2.2. In-house Python script to filter out SNPs found in WT 
The script was initially used to look at upregulated genes, but after re-sequencing the strains we 
used AllGeneFile instead of <InterestingGeneFile>. 
 
#! /usr/bin/env python 
from __future__ import division #So division isn't automatically floored to 
the integer 
 
if __name__ == '__main__': 
    import sys 
    import os 
    import subprocess 
    cwd = os.getcwd()#current working directory 
 
usage = "SummarizePilonSNPs.py <InterestingGeneFile> <__transcripts.gtf> 
<__genes.fasta> <WT_SNPfile.vcf> <SNPfile.vcf>" 
args = sys.argv[2:] 
if args: 
    for i in range(5): 
        try: 
            sys.argv[i] 
        except IndexError: 
            print "".format(usage) 
else: 





    p = subprocess.Popen(cmd, shell=True, stdout=subprocess.PIPE) 
    p.wait() 
    out, errs = p.communicate() 
    return [out, errs] 
 
###Variables### 
allGenes = [] 
interestingGenes = [] 
geneInfo = {} 
geneIndex = -1 
wtSNPs = [] 
goi_noWT = [] 
snpID = 0 
duplicatedGOIs = [] 
 
 
interestingGeneFile = open(sys.argv[1], "r") 
for line in interestingGeneFile: 
    if line[0] != "\n": 
        line = line.rstrip('\n')#chomps line 
        table = line.split('\",\"') 
        if table[1][0] != "x": 
            interestingGenes.append(table[1][:-1]) 
interestingGeneFile.close() 
 
transcriptFile = open(sys.argv[2], "r") 
for line in transcriptFile: 
    if line[0] != '\n': 
        line = line.rstrip('\n')#chomps line  
        table = line.split('\t') 
        if table[2] == "exon": 
            contig_beg_end = [] 
            annotTable = table[8].split('\"; transcript_id') 
            geneName = annotTable[0][9:] 
            allGenes.append(geneName) 
            contig_beg_end = [table[0],int(table[3]),int(table[4])] 
            geneInfo[geneName] = contig_beg_end 
transcriptFile.close() 
 
genesFile = open(sys.argv[3], "r") 
for line in genesFile: 
    if line[0] != '\n': 
        line = line.rstrip('\n')#chomps line 
        if line [0] == ">": 
            geneIndex += 1 
            infoList = geneInfo[allGenes[geneIndex]] 
            table = line.split(' | ') 
            annotTable = table[1].split() 
            del annotTable[-2:] 
            del annotTable[0:3] 
            annotation = " ".join(annotTable) 
            infoList.append(annotation) 
            geneInfo[allGenes[geneIndex]] = infoList 
genesFile.close() 
 
#print "Gene Name\tContig\tStart\tStop\tAnnotation"       
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#for geneName in allGenes: 
    #infoList = geneInfo[geneName] 




wtSNPfile = open(sys.argv[4], "r") 
for line in wtSNPfile: 
    if line[0] != '\n': 
        line = line.rstrip('\n')#chomps line 
    if line[0] != "#": 
        table = line.split() 
        contig = table[0] 
        pos = int(table[1]) 
        reference = table[3] 
        variant = table[4] 
        quality = table[5] 
        if variant[1:4] == "DUP": 
            details = table[7] 
            detailTable = details.split(";") 
            dupStop = int(detailTable[2][4:]) 
            for goi in interestingGenes: 
                infoList = geneInfo[goi] 
                if (infoList[0] == contig): 
                    if ((infoList[2] >= pos) and (infoList[1] <= dupStop)): 
                        pass 
                    else: 
                        goi_noWT.append(goi) 
        else: 
            currSNP = contig + "_" + str(pos) + "_" + reference + "_" + 
variant 





exptSNPfile = open(sys.argv[5], "r") 
for line in exptSNPfile: 
    if line[0] != '\n': 
        line = line.rstrip('\n')#chomps line 
    if line[0] != "#": 
        snpAnnotation = "NON-CODING" 
        table = line.split() 
        contig = table[0] 
        pos = int(table[1]) 
        reference = table[3] 
        variant = table[4] 
        quality = table[5] 
        details = table[7] 
        detailTable = details.split(";") 
        if variant[1:4] == "DUP": 
            dupStop = int(detailTable[2][4:]) 
            for goi in goi_noWT: 
                infoList = geneInfo[goi] 
                if (infoList[0] == contig): 
                    if ((infoList[2] >= pos) and (infoList[1] <= dupStop)): 
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                        if goi in duplicatedGOIs: 
                            pass 
                        else: 
                            duplicatedGOIs.append(goi) 
        else: 
            keep = 1 
            if detailTable[0][0:3] == "DP=": 
                depth = int(detailTable[0][3:]) 
                frequency = detailTable[12][3:] 
            else: 
                depth = detailTable[0][7:] 
                delEnd = detailTable[2][4:] 
                delLen = detailTable[1][7:] 
                frequency = "One deletion of length " + delLen + " from 
position " + str(pos) + " to " + delEnd 
            currSNP = contig + "_" + str(pos) + "_" + reference + "_" + 
variant 
            for wtSNP in wtSNPs: 
                if currSNP == wtSNP: 
                    keep = 0 
                    break 
            if keep == 1: 
                snpID +=1 
                for geneName in allGenes: 
                    infoList = geneInfo[geneName] 
                    if contig == infoList[0]: 
                        if ((pos >= infoList[1]) and (pos <= infoList[2])): 
                            snpAnnotation = geneName + ": " + infoList[3] 
                            break 
                        else: 
                            if (((pos >= (infoList[1] - 100)) and (pos < 
infoList[1])) or ((pos <= (infoList[2] + 100)) and (pos > infoList[2]))): 
                                if snpAnnotation == "NON-CODING": 
                                    snpAnnotation = "Within 100bp of the 
following gene(s)--- " + geneName + ": " + infoList[3] 
                                elif snpAnnotation[0:34] == "Within 100bp of 
the following gene": 
                                    snpAnnotation = snpAnnotation + "; " + 
geneName + ": " + infoList[3]  





print"\n\n##############~~~~The following genes may be within putatively 
duplicated regions~~~~###################\n\n" 
 
for goi in duplicatedGOIs: 
    infoList = geneInfo[goi] 






A.3 Supplementary Figures and Tables 
 
 
Figure A.1. Experimental approach. R. opacus PD630 wild-type (WT) strain was passaged in 
a minimal salts medium (MSM) with increasing concentrations of phenol as a sole carbon 
source, and an aliquot of the liquid culture was taken and stored at -80ºC at each passage. Of the 
40 passages, 6 colonies per passage were purified from passages 17, 26, 33, and 40. Growth and 
lipid accumulation profiles of the isolated strains were analyzed, and two top performing 
colonies, evol33 and evol40, were chosen. WT, evol33, and evol40 were further analyzed by 
whole genome sequencing (Table 2.1), RNA-Seq (Table 2.2 and Figure 2.3), and in-depth 
phenotyping including determination of growth profiles on different concentrations of phenol 





































WT evol33 evol40 evol33 improvement (%) evol40 improvement (%) 
24 hr IC50 
(g/L) 
1.29 ± 0.10 1.49 ± 0.19 1.44 ± 0.11 15.5 11.6 
45 hr IC50 
(g/L) 
1.58 ± 0.08 1.90 ± 0.05 1.96 ± 0.06 20.3 24.1 
 
Supplementary Figure A.2. Characterization of IC50 values for WT and adapted strains. 
Optical densities (OD600) measured from cultures grown in various concentrations of phenol and 
high nitrogen (1 g/L ammonium sulfate) at 24 and 45 hours were fitted in Prism using a four-
parameter inhibitor response curve to calculate the IC50 values. R
2 values were greater than 0.88 
for all fittings. The fitted values for each biological replicate were averaged to calculate p values 
for significance (one mean, two-tailed Student’s t-test). IC50 values at 24 hours are not 
significantly different from WT for both adapted strains (p = 0.07 and p = 0.06 for evol33 and 
evol40, respectively), but IC50 values for both evol33 and evol40 at 45 hours are significantly 
higher than that of WT (p = 0.0004 and p = 0.0002 for evol33 and evol40, respectively). Error 
represents one standard deviation of fitted values from six biological replicates grown in 96 well 







Supplemental Figure A.3. Growth and phenol consumption profiles of WT and adapted 
strains. Cells were grown in 100 mL of high nitrogen (1 g/L) minimal salts medium containing 
1.5 g/L phenol as the sole carbon source. White diamonds = WT, gray squares = evol33, black 
triangles = evol40, and black square with white cross = no cell control (1.5 g/L phenol). A, 
Growth profile of WT and adapted strains. B, Phenol consumption profiles of WT and adapted 
strains. Phenol (g/L) was estimated by measuring absorbance of culture supernatants at 280 nm 
(see the Supplementary Materials and Methods). For both plots, each point is the average of 












Supplementary Figure A.4. Correlation between Nile red fluorescence and total lipid 
content (% CDW lipid). The WT strain was grown in four different ammonium sulfate 
concentrations (1, 0.2, 0.1, and 0.025 g/L) as a sole nitrogen source and 1 g/L glucose as a sole 
carbon source for 24 hours. Three 200 L aliquots of each biological replicate were used for Nile 
red fluorescence measurement. Cells from each biological replicate were lyophilized, and the cell 
dry weight lipid content (% CDW lipid) of each biomass sample was calculated from the total 
lipids extracted using the Folch procedure (See Materials and Methods). The Nile red 
fluorescence values represent the average of three technical replicates from two biological 
replicates for a total of six replicates. The % CDW lipid values are the average of two biological 


















































































































































































































Supplemental Figure A.5. Nile red fluorescence and growth kinetics of WT and adapted 
strains. The top row shows the growth profile of each strain in low nitrogen conditions (0.05 g/L 
ammonium sulfate), and the bottom row shows the average Nile red fluorescence of each strain 
over time. No growth was observed for the WT strain in 1.5 g/L phenol with low nitrogen (<1 
cell doubling in 10 mL cultures). Each data point represents the average of three biological 
replicates. Each Nile red fluorescence value is the arithmetic mean of the Nile red fluorescence 
distribution obtained using flow cytometry (see Materials and Methods for more information). 






































Supplementary Figure A.6. Lipid accumulation using lignin model compounds. Cultures 
were grown in 96 well plates at 200 L volumes in low nitrogen (0.05 g/L) minimal medium 
using 1 g/L of total phenolics as a carbon source. Cells were harvested after 48 hours and 
analyzed for lipid content by Nile red analysis (see Materials and Methods). HBA = 4-
hydroxybenzoic acid, Benz = sodium benzoate, P+HBA+Benz = 1 g/L total phenolics; 0.33 g/L 
phenol, 0.33 g/L HBA, and 0.33 g/L Benz. e33 = evol33 and e40 = evol40. Stars represent 
significantly higher lipid accumulation compared to WT (p < 0.05, one tailed Student’s t-test). 
evol33 and evol40 show significantly higher lipid accumulation in phenol compared to WT (p = 
0.009 for evol33, p = 0.005 for evol40). However, the adapted strains do not show increased 
lipid production, compared to that of WT, on other lignin model compounds, although all strains 
have higher lipid accumulation using hydroxybenzoic acid and sodium benzoate as carbon 
sources than using phenol (p < 0.04 for all cases). Bars represent the average of five biological 







Supplementary Figure A.7. Principal component analysis plot of all 8945 genes from RNA-Seq 
triplicate samples, generated by using the plotPCA function of DESeq2. Blue, WT; pink, evol33; 




Supplementary Figure A.8. Bubble plot representation of fold changes in phenol degradation 
and utilization genes in low phenol (0.75 g/L). Sizes of the bubbles indicate log2 fold change 
compared to the same medium condition in WT, and colors indicate log2 fold change compared 




Supplementary Figure A.9. Expression profiles of other annotated phenolic degradation 
genes. Heat map of genes annotated as alternative phenol degradation pathways by RhodoCyc 
(http://rhodocyc.broadinstitute.org/) is shown. LPD gene IDs were converted from OPAG gene 





Supplementary Figure A.10. Phenolic degradation pathways present in R. opacus PD630. 
Each enzymatic reaction is listed as a number that can be found in Supplementary Table A.8 
with enzyme name, E.C. number, and Gene ID number(s). Dotted lines represent alternate 
aromatic degradation pathways that could be involved in phenol degradation. A, Gentisate 
degradation pathway. B, Protocatechuate ortho-cleavage branch of -ketoadipate pathway. C, 
Catechol ortho-cleavage branch of -ketoadipate pathway. D, Catechol meta-cleavage branch of 
-ketoadipate pathway. Pathway information shown was matched to the KEGG database 





Supplementary Figure A.11. Venn diagrams of genes >2-fold upregulated and < -2-fold 
downregulated in phenol in WT, evol33, and evol40 (padj < 0.01). Glucose vs. low phenol 
conditions were compared for all 3 strains; genes with > |2|-fold changes in low phenol (0.75 
g/L, LowP) and high phenol (1.5 g/L, HighP) compared to glucose are shown in the same strains. 
> |2|-fold upregulated and downregulated genes in HighP in evol33 and evol40 are also shown. 






Supplementary Figure A.12. Microscopy images of R. opacus PD630 under nitrogen-
limited conditions. The left four columns are epifluorescence micrographs of Nile red-stained, 
stationary phase R. opacus PD630 cells grown in nitrogen-limited conditions. The far right 
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Supplementary Figure A.13. MA Plot Summary. Each panel shows the up- or down-
regulation of all genes in an indicated strain and medium composition compared to a different 
strain and medium composition. Expression difference of each gene is plotted as log2 fold 
change (y axis) and mean expression (x axis) of the gene. The gray dots represent insignificant 
fold changes in expression, and the red dots represent significant fold changes in expression 
where significance threshold is defined as the adjusted p value < 0.1 (false discovery rate 
(Benjamini-Hochberg procedure) calculated using DESeq2 (Love et al, 2014). Glc, 1 g/L 




Supplementary Figure A.14. Expression profile of Rsr and YRNA homologs in different 
growth conditions. Top, Rsr homolog expression profile. Raw counts were normalized using 
the plotCounts function in DESeq2 (Love et al, 2014) and plotted using Beeswarm package 
(https://cran.r-project.org/web/packages/beeswarm/index.html). Bottom, RNA reads mapped to 
the noncoding region upstream of LPD06269 (predicted YRNA). Glc, 1 g/L glucose; LowP, 0.75 




                         
Supplementary Figure A.15. Calibration curve obtained by using known concentrations of 
phenol in minimal medium and measuring absorbance at 280 nm. 
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Supplementary Table A.1. Comparison of WT, evol33, and evol40 maximum biomass 
accumulation. Initial OD600 was 0.01, and cells were grown in high nitrogen conditions (1 g/L 
ammonium sulfate). Biomass accumulation values reported are the highest attained OD600 value 
after 45 hours of growth. Significance was determined by a one mean, two-tailed Student’s t-test 
(p < 0.05). Error represents one standard deviation of six biological replicates grown in 96 well 
plates. Improvement was calculated as (evolX-WT) / WT x 100%, where X = 33 or 40. See 


















0.75 0.33 ± 0.03 0.45 ± 0.03 0.44 ± 0.04 Yes, both 36.1 32.5 
1 0.40 ± 0.06 0.48 ± 0.05 0.48 ± 0.04 Yes, both 21.5 22.0 
1.25 0.39 ± 0.07 0.52 ± 0.05 0.53 ± 0.05 Yes, both 32.2 33.4 
1.5 0.27 ± 0.04 0.52 ± 0.06 0.55 ± 0.06 Yes, both 92.3 102.4 
1.75 0.18 ± 0.05 0.35 ± 0.04 0.44 ± 0.03 Yes, both 92.3 145.9 
2 0.07 ± 0.04 0.27 ± 0.04 0.32 ± 0.03 Yes, both 297.6 372.5 
 
 
Supplementary Table A.2. Comparison of WT, evol33, and evol40 lag phase. Initial OD600 
was 0.01, and cells were grown in high nitrogen conditions (1 g/L ammonium sulfate). Lag phase 
was calculated as the time for more than two doublings to occur (OD600 > 0.04). Significance 
was determined by a one mean, two-tailed Student’s t-test (p < 0.05). Error represents one 
standard deviation of six biological replicates grown in 96 well plates. Improvement was 



















0.75 4.7 ± 2.4 3.3 ± 1.3 3.8 ± 0.1 No 28.4 18.2 
1 7.9 ± 5.7 6.6 ± 5.1 3.8 ± 0.1 No 17.3 51.9 
1.25 10.7 ± 5.7 7.2 ± 6.4 6.6 ± 5.1 No 32.6 38.6 
1.5 17.3 ± 2.7 9.3 ± 5.9 11.5 ± 5.0 Evol33 only 46.4 33.6 
1.75 25.4 ± 4.3 14.2 ± 5.2 12.0 ± 5.1 Yes, both 44.3 52.6 







Supplementary Table A.3. Comparison of WT, evol33, and evol40 growth rates. Initial 
OD600 was 0.01, and cells were grown in high nitrogen conditions (1 g/L ammonium sulfate). 
Specific growth rates were calculated from fitting optical density measurements in the 
exponential phase.  Significance was determined by a one mean, two-tailed Student’s t-test (p < 
0.05). Error represents one standard deviation of six biological replicates grown in 96 well 
plates. The fitted values for each biological replicate were averaged to calculate p values for 
significance. N/A = not applicable. * = not enough growth to calculate accurate growth rate. 
Improvement was calculated as (evolX-WT) / WT x 100%, where X = 33 or 40. See Materials 


















0.75 0.06 ± 0.01 0.08 ± 0.03 0.07 ± 0.01 No 27.6 9.7 
1 0.09 ± 0.02 0.12 ± 0.01 0.11 ± 0.02 evol33 only 27.7 12.8 
1.25 0.08 ± 0.02 0.11 ± 0.02 0.12 ± 0.03 Yes, both 39.3 48.6 
1.5 0.07 ± 0.01 0.09 ± 0.01 0.10 ± 0.02 Yes, both 29.6 37.7 
1.75 0.08 ± 0.01 0.09 ± 0.01 0.09 ± 0.01 No 12.0 8.0 
2 * 0.08 ± 0.01 0.09 ± 0.01 N/A N/A N/A 
 
Supplementary Table A.4. Maximum Nile red fluorescence in stationary phase. Nile red 
fluorescence was measured using flow cytometry as described in Materials and Methods. 
Significance was determined by a one mean, two-tailed Student’s t-test (p < 0.05). Error 
represents one standard deviation of three biological replicates. Improvement was calculated as 
(evolX-WT) / WT x 100%, where X = 33 or 40. N/A = not applicable. ** = no significant 
growth (< 1 cell doubling in 10 mL cultures). Glc = 1 g/L glucose, LowP = 0.75 g/L phenol, and 


















Glc 355 ± 25 396 ± 43 413 ± 63 No 12 16 
LowP 205 ± 33 519 ± 51 393 ± 62 Yes, both 153 92 







Supplementary Table A.5. Overall lipid productivity as measured by Nile red fluorescence. 
Productivity was calculated as the change in Nile red fluorescence divided by time elapsed, 
including a minimum of four time points. Significance was determined by a one mean, two-tailed 
Student’s t-test (p < 0.05). Error represents one standard deviation of three biological replicates. 
Improvement was calculated as (evolX-WT) / WT x 100%, where X = 33 or 40. N/A = not 
applicable. ** = no significant growth (< 1 cell doubling in 10 mL cultures). Glc = 1 g/L glucose, 
LowP = 0.75 g/L phenol, and HighP = 1.5 g/L phenol. Cells were grown in low nitrogen 

















Glc 8.4 ± 2.3 8.2 ± 1.6 7.8 ± 2.4 No N/A N/A 
LowP 5.8 ± 1.4 13.6 ± 1.0 8.9 ± 0.9 Yes, both 134 53 
HighP ** 16.5 ± 0.9 19.4 ± 0.8 N/A N/A N/A 
 
 
Supplementary Table A.6. RNA-Seq data (separate Excel file). 
Excel file can be found at 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4797299/bin/supp_gkw055_nar-02826-h-2015-
File009.xlsx 
Supplementary excel file also available with manuscript, DOI: 10.1093/nar/gkw055 
 
For Sheets 1 through 10, genes with baseMean > 100 and adjusted p value < 0.1 were 
considered. Glc = 1 g/L glucose, LowP = 0.75 g/L phenol, and HighP = 1.5 g/L phenol. 
 
Sheet 1. 
Genes upregulated 8-fold or greater in WT in LowP (compared to Glc) 
 
Sheet 2. 
Genes downregulated 8-fold or greater in WT in LowP (compared to Glc) 
 
Sheet 3. 
Genes upregulated 8-fold or greater in evol33 in LowP (compared to Glc) 
 
Sheet 4. 
Genes downregulated 8-fold or greater in evol33 in LowP (compared to Glc) 
 
Sheet 5. 





Genes downregulated 8-fold or greater in evol33 in HighP (compared to Glc) 
 
Sheet 7. 
Genes upregulated 8-fold or greater in evol40 in LowP (compared to Glc) 
 
Sheet 8. 
Genes downregulated 8-fold or greater in evol40 in LowP (compared to Glc) 
 
Sheet 9. 
Genes upregulated 8-fold or greater in evol40 in HighP (compared to Glc) 
 
Sheet 10. 
Genes downregulated 8-fold or greater in evol40 in HighP (compared to Glc) 
 
Sheet 11. 
Summary of phenol degradation and beta-ketoadipate pathway genes mentioned in the paper 
 
Sheet 12. 
Genes annotated as shikimate transporters and shikimate utilization genes 
 
Sheet 13. 
Summary of other genes mentioned in the paper 
 
Sheet 14. 
































Supplementary Table A.7. Differentially regulated genes in WT and adapted strains. A, 
The number of genes with indicated fold change in specified strains and conditions. Glc = 1 g/L 
glucose, LowP = 0.75 g/L phenol, and HighP = 1.5 g/L phenol. Lists of greater than 8-fold 
upregulated or downregulated genes with DESeq2 results are shown in Supplemental Table A.6 























Fold change > 4 > 8 >16 >256 < -4 < -8 < -16 < -256 
WT LowP vs. Glc 395 164 85 7 592 318 180 9 
evol33 LowP vs. Glc 302 112 70 13 287 90 38 2 
evol40 LowP vs. Glc 327 141 74 8 564 253 101 1 
evol33 HighP vs. Glc 411 200 118 16 507 220 101 0 
evol40 HighP vs. Glc 440 197 116 10 721 348 166 10 
 > 8-fold upregulated < 8-fold downregulated 
WT LowP vs. Glc 22.83 22.23 
evol33 LowP vs. Glc 34.58 18.26 
evol40 LowP vs. Glc 25.47 16.76 
evol33 HighP vs. Glc 30.92 16.93 
evol40 HighP vs. Glc 29.65 20.49 
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Supplementary Table A.8. Annotation for phenolic degradation pathways present in R. 
opacus PD630 (Supplementary Figure A.10). NA = none annotated.  
 
# in Fig 
A.10 
Enzyme name E.C.# Gene IDs 
1 phenol hydroxylase 1.14.13.7 
PD630_LPD06575 + PD630_LPD06576, 
PD630_LPD6740 + PD630_LPD06741 
2 catechol 1,2-dioxygenase 1.13.11.1 PD630_LPD06568, PD630_LPD06742 
3 muconate cycloisomerase I 5.5.1.1 PD630_LPD06567 
4 muconolactone D-isomerase 5.3.3.4 PD630_LPD06566 




2.8.3.6 PD630_LPD05448 + PD630_LPD05449 
















11 gentisate 1,2-dioxygenase 1.13.11.4 PD630_LPD03773, PD630_LPD06029 
12 maleylpyruvate isomerase 5.2.1.4 PD630_LPD03771 
13 fumarylpyruvate hydrolase 3.7.1.20 PD630_LPD03774, PD630_LPD06028 





























Supplementary Table A.9. Growth rate, lag phase, and maximum optical density of best-
performing strains obtained from colony purification. Cells were grown in 50 mL of minimal 
salts medium supplemented with 0.75 g/L phenol and 1 g/L nitrogen source (initial OD600 = 
0.05). See the Materials and Methods for information on the calculation of growth rate and lag 
phase.   
Strain Specific Growth Rate (hr-1) Lag Phase (h) Max OD600 
WT 0.107 27 0.55 
33-2 (evol33) 0.149 17 0.66 
33-3 0.127 17 0.65 
40-1 (evol40) 0.135 17 0.75 
40-2 0.133 17 0.67 
40-6 0.130 17 0.61 
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Appendix B: Supplementary Data for Multi-
































































0.5 g/L PHE, 1 g/L HBA, 
1 g/L VAN
PVHG
0.4 g/L GUA, 0.4 g/L PHE, 





































































































































Figure B.1. Cell density comparison between WT and adapted strains. Values are based on 
the data in Fig. 3.2 and reported as improvement of final cell density (OD600) in the adapted 
strain compared to OD600 of the WT strain. % improvement = (AdaptedOD600 – WTOD600) / 
WTOD600 x 100%, where AdaptedOD600 and WTOD600 is the OD600 of the adapted and WT strains, 
respectively, after 43 hours of growth. Cells were grown in minimal medium A supplemented 
with the listed carbon sources as the sole carbon sources and 1 g/L ammonium sulfate as the 
nitrogen source. A. The phenol adapted strains (P1-6). B. The phenol and vanillate adapted 
strains (PV1-6). C. The phenol, vanillate, and 4-hydroxybenzoate adapted strains (PVH1-6). D. 
The phenol, vanillate, 4-hydroxybenzoate, and guaiacol adapted strains (PVHG1-6). E. The 
sodium benzoate adapted strains (B1-6).  F. The high glucose adapted strains (Glc1-6). Bars 
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represent the average of three biological replicates and error bars represent one standard 
deviation. PHE = phenol, VAN = vanillate, HBA = 4-hydroxybenzoate, GUA = guaiacol, and 
BEN = sodium benzoate.  
 
 
Figure B.2. Aromatic concentrations in culture supernatants after 43 hours for WT and 
aromatic compound adapted strains. A. The PHE and VAN adapted strain PV1 compared to 
the WT strain using 1.2 g/L PHE and 1.2 g/L VAN. B. The PHE, VAN, and HBA adapted strain 
PVH5 compared to the WT strain using 0.5 g/L PHE, 1 g/L HBA, and 1 g/L VAN. C. The PHE, 
VAN, HBA, and GUA adapted strain PVHG6 compared to the WT strain using 0.4 g/L GUA, 
0.4 g/L PHE, 0.7 g/L HBA, and 0.7 g/L VAN. D. The sodium benzoate adapted strain B2 
compared to the WT strain using 9.4 g/L BEN. E. The phenol adapted strain P1 compared to the 
WT strain using 1.1 g/L PHE. Aromatic concentrations were measured by derivatizing culture 
supernatants using methyl chloroformate followed by GC-MS-FID (see Materials and Methods 
for details). Cells were grown in a minimal medium A supplemented with the listed carbon 
sources (same as Fig. 3.2) as the sole carbon sources and 1 g/L ammonium sulfate as the nitrogen 
source. Bars represent the average of three biological replicates and error bars represent one 
standard deviation. The dotted lines indicate the initial aromatic concentration. PHE = phenol, 




Figure B.3. Genes with non-synonymous and intergenic SNPs in adapted strains separated 
by adaptation conditions. Some genes have multiple mutations, so each row represents a 
specific mutation. Strain names indicate the adaptation condition from which the strain 
originates: P = phenol; PV = phenol and vanillate; PVH = phenol, vanillate, and 4-
hydroxybenzoate; PVHG = phenol, vanillate, 4-hydroxybenzoate, and guaiacol; B = sodium 









Figure B.4. Average sequencing depth for all sequenced strains (35 mutants and WT) and 
normalized counts in all transcriptomic samples (PVHG6 and WT). A. The average 
sequencing depth per base pair in the chromosome or plasmids. Average sequencing depth 
values were calculated by summing the total sequencing depth of all the individual base pairs on 
the chromosome or plasmid and dividing by the number of base pairs on the respective 
chromosome or plasmid. Sequencing depths were then normalized by the average depth of the 
chromosome for each strain. B. Average normalized counts were calculated by summing the 
total number of reads per kilobase of transcript per million mapped reads (RPKM) for each gene 
on the chromosome or plasmid and dividing by the number of genes on the respective 
chromosome or plasmid. The average RPKM values were then normalized by the average 
RPKM value of the chromosome for each strain. Glc = 1 g/L glucose, P = 0.5 g/L phenol, V = 
0.5 g/L vanillate, H = 0.5 g/L 4-hydroxbenzoate, G = 0.5 g/L guaiacol, B = 0.5 g/L sodium 
benzoate, and Mixture = 0.5 g/L of phenol, vanillate, 4-hydroxybenzoate, guaiacol, and sodium 
benzoate (2.5 g/L total aromatics). For Glc and Mixture, “1” represents cells harvested at early 
167 
 
exponential phase (10 hours for Glc; 20 hours for Mixture), while “2” represents cells harvested 
at mid-exponential phase (13 hours for Glc; 32 hours for Mixture). Samples from individual 
compound growth conditions were harvested at mid-exponential phase (24 hours for WT P, 21 
hours for PVHG6 P, 19 hours for WT and PVHG6 G, 11 hours for WT and PVHG6 H, 12 hours 
for WT and PVHG6 B, and 24 hours for WT and PVHG6 V). All transcriptomics experiments 
were performed in minimal medium A. For B, numerical values represent the average of three 
biological replicates.  
 
*















































Figure B.5. Comparison of superoxide dismutase (SOD) activity from WT and PVHG6 cell 
lysates. Measured relative SOD activity from WT and PVHG6 cell lysates. Asterisk indicates 
significant difference from WT SOD activity (P = 0.002, one mean, two-tailed Student’s t-test). 
Cells were initially cultured in 2 mL of minimal medium A supplemented with 0.2 g/L of sodium 
benzoate, phenol, guaiacol, 4-hydroxybenzoate, and vanillate (1 g/L total aromatics) and 1 g/L 
ammonium sulfate for 24 hours, and then subcultured in 10 mL of minimal medium A 
supplemented with 0.2 g/L of sodium benzoate, phenol, guaiacol, 4-hydroxybenzoate, and 
vanillate (1 g/L total aromatics) and 1 g/L ammonium sulfate for 24 hours to an OD600 of ~0.5. 
Cells were grown in 100 mL of minimal medium A supplemented with 1 g/L glucose and 1 g/L 
ammonium sulfate to mid-exponential phase (OD600 = 0.44-0.49 for both strains; three 
replicates). Cultures (the same number of cells equivalent to OD600 = 0.44 for both strains by 
adjusting volumes for harvesting) were centrifuged at 1000g and 4 °C for 15 minutes, 
resuspended in 300 L of EMD Millipore BugBuster Protein Extraction Reagent, and incubated 
at room temperature for 30 minutes. Next, the lysed cells were centrifuged at 16,000g and 4 °C 
for 10 minutes, and a ten-fold dilution of supernatant was used for testing. SOD activity was 
measured using the Invitrogen Superoxide Dismutase Colorimetric Activity Kit. SOD activity 
was compared to a standard curve generated using bovine erythrocyte superoxide dismutase in 
the Kit. Bars represent the average of three biological replicates and error bars represent one 






Figure B.6. Growth of WT and adapted strains in a mixture of lignin model compounds. 
Growth of strains isolated from adapted cultures in 0.6 g/L of sodium benzoate, phenol, guaiacol, 
4-hydroxybenzoate, and vanillate (3 g/L total aromatics) using minimal medium A. Cells were 
initially cultured in 2 mL of minimal medium A supplemented with 0.2 g/L of sodium benzoate, 
phenol, guaiacol, 4-hydroxybenzoate, and vanillate (1 g/L total aromatics) and 1 g/L ammonium 
sulfate for 24 hours, and then subcultured in 10 mL of minimal medium A supplemented with 
0.2 g/L of sodium benzoate, phenol, guaiacol, 4-hydroxybenzoate, and vanillate (1 g/L total 
aromatics) and 1 g/L ammonium sulfate for 24 hours to an OD600 of ~0.5. For all data shown, 
cultures were grown in 10 mL of minimal medium A supplemented with 1 g/L ammonium 
sulfate as the nitrogen source with an initial OD600 of 0.05. Points represent the average of three 











Figure B.7. Growth of PVHG6 using glucose, lignin model compounds, and a mixture of 
glucose and lignin model compounds as carbon sources. Growth of PVHG6 in 0.6 g/L each of 
sodium benzoate, phenol, guaiacol, 4-hydroxybenzoate, and vanillate (3 g/L total aromatics), 3 
g/L glucose (glc), or both glucose and aromatics as carbon sources. Cells were initially cultured 
in 2 mL of minimal medium B supplemented with 0.2 g/L each of sodium benzoate, phenol, 
guaiacol, 4-hydroxybenzoate, and vanillate (1 g/L total aromatics) and 1 g/L ammonium sulfate 
for 24 hours, and then subcultured in 10 mL of minimal medium B supplemented with 0.2 g/L 
each of sodium benzoate, phenol, guaiacol, 4-hydroxybenzoate, and vanillate (1 g/L total 
aromatics) and 1 g/L ammonium sulfate for 24 hours to an OD600 of ~0.5. For all data shown, 
cultures were grown in 10 mL of minimal medium B supplemented with 1 g/L ammonium 
sulfate as the nitrogen source with an initial OD600 of 0.1. Points represent the average of three 
biological replicates and error bars represent one standard deviation. Asterisk (*) indicates a 
significantly higher OD600 value (P < 0.05, one mean, two-tailed Student’s t-test) for the 3 g/L 
glucose + 3 g/L aromatics condition than both the 3 g/L glucose and 3 g/L aromatics conditions. 
Analysis of derivatized culture supernatants by GC-MS-FID at the 60 hour time point showed 
that all aromatics were consumed for both the 3 g/L aromatics and the 3 g/L glucose + 3 g/L 




































































































































































































































Figure B.8. Growth comparison of PVHG6 and WT strains using individual lignin model 
compounds. Growth comparison of PVHG6 and WT strains in different concentrations of 
individual lignin model compounds. The individual compound used for growth is listed next to 
the y-axis, and the strain is listed above each column. Cells were initially cultured in 2 mL of 
minimal medium A supplemented with 0.2 g/L of sodium benzoate, phenol, guaiacol, 4-
hydroxybenzoate, and vanillate (1 g/L total aromatics) and 1 g/L ammonium sulfate for 24 hours, 
and then subcultured in 10 mL of minimal medium A supplemented with 0.2 g/L of sodium 
benzoate, phenol, guaiacol, 4-hydroxybenzoate, and vanillate (1 g/L total aromatics) and 1 g/L 
ammonium sulfate for 24 hours to an OD600 of ~0.5.  For all data shown, cultures were grown in 
10 mL of minimal medium A supplemented with 1 g/L ammonium sulfate as the nitrogen source 
with an initial OD600 of 0.05. Points represent the average of three biological replicates and error 
bars represent one standard deviation. PHE = phenol, GUA = guaiacol, VAN = vanillate, HBA = 
















































































Figure B.9. Phenol (PHE) consumption profiles of WT and PVHG6 strains grown in 
different PHE concentrations. A. 0.75 g/L. B. 1 g/L. C. 1.25 g/L. D. 1.5 g/L. E. 1.75 g/L. F. 2 
g/L. Points represent the average of three biological replicates and error bars represent one 
standard deviation. Phenol concentration was measured in culture supernatants using absorbance 





















































































Figure B.10. Guaiacol (GUA) consumption profiles of WT and PVHG6 strains grown in 
different GUA concentrations. A. 1.25 g/L. B. 1.5 g/L. C. 1.75 g/L. D. 2 g/L. E. 2.25 g/L. F. 
2.5 g/L. Points represent the average of three biological replicates and error bars represent one 
standard deviation. Guaiacol concentration was measured in culture supernatants using 







































































Figure B.11. Sodium benzoate (BEN) consumption profiles of WT and PVHG6 strains 
grown in different BEN concentrations. A. 5 g/L. B. 6 g/L. C. 7 g/L. D. 8 g/L. E. 9 g/L. F. 10 
g/L BEN. Points represent the average of three biological replicates and error bars represent one 
standard deviation. Sodium benzoate concentration was measured in culture supernatants using 












































































Figure B.12. Vanillate (VAN) consumption profiles of WT and PVHG6 strains grown in 
different VAN concentrations. A. 1.25 g/L. B. 1.5 g/L. C. 1.75 g/L. D. 2 g/L. E. 2.25 g/L. F. 
2.5 g/L. Points represent the average of three biological replicates and error bars represent one 
standard deviation. Vanillate concentration was measured in culture supernatants using 








































































Figure B.13. 4-hydroxybenzoate (HBA) consumption profiles of WT and PVHG6 strains 
grown in different HBA concentrations. A. 2 g/L. B. 2.25 g/L. C. 2.5 g/L. D. 2.75 g/L. E. 3 
g/L. F. 3.25 g/L. Points represent the average of three biological replicates and error bars 
represent one standard deviation. 4-hydroxybenzoate concentration was measured in culture 













Figure B.14. Growth of WT and PVHG6 strains on 1 g/L glucose. Cells were initially 
cultured in 2 mL of minimal medium A supplemented with 0.2 g/L of sodium benzoate, phenol, 
guaiacol, 4-hydroxybenzoate, and vanillate (1 g/L total aromatics) and 1 g/L ammonium sulfate 
for 24 hours, and then subcultured into 10 mL of the same media for 24 hours to an OD600 of 
~0.5. Cultures were grown in 10 mL of minimal medium A supplemented with 1 g/L glucose as 
the carbon source and 1 g/L ammonium sulfate as the nitrogen source with an initial OD600 of 










Figure B.15. Principal component analysis of all WT and PVHG6 transcriptomes. Principal 
component analysis was done using normalized counts of all genes in R. opacus. Glc = 1 g/L 
glucose, Multi = 0.5 g/L of PHE, VAN, HBA, GUA, and BEN (2.5 g/L total aromatics). Other 
compounds listed in legend were used at a concentration of 0.5 g/L. For Glc and Multi, t1 
represents cells harvested at early exponential phase (10 hours for Glc; 20 hours for Multi), while 
t2 represents cells harvested at mid-exponential phase (13 hours for Glc, 32 hours for Multi). 
Samples from individual compound growth conditions were harvested at mid-exponential phase 
(24 hours for WT PHE and 21 hours for PVHG6 PHE; 19 hours for WT and PVHG6 GUA; 11 
hours for WT and PVHG6 HBA; 12 hours for WT and PVHG6 BEN; 24 hours for WT and 
PVHG6 VAN). All transcriptomics experiments were performed in minimal medium A. Each 
symbol represents a biological replicate. Analysis was performed with normalized counts using 
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the variance stabilizing transformation from the DESeq2 software package. PC1 = 1st principal 
component and PC2 = 2nd principal component. PHE = phenol, VAN = vanillate, HBA = 4-




Figure B.16. Principal component analysis of all WT and PVHG6 transcriptomes with 
Plasmids 1 and 2 removed. Principal component analysis was done using normalized counts of 
all genes in R. opacus except those located on Plasmids 1 and 2. Glc = 1 g/L glucose, Multi = 0.5 
g/L of PHE, VAN, HBA, GUA, and BEN (2.5 g/L total aromatics). Other compounds listed in 
legend were used at a concentration of 0.5 g/L. For Glc and Multi, t1 represents cells harvested at 
early exponential phase (10 hours for Glc; 20 hours for Multi), while t2 represents cells harvested 
at mid-exponential phase (13 hours for Glc, 32 hours for Multi). Samples from individual 
compound growth conditions were harvested at mid-exponential phase (24 hours for WT PHE 
and 21 hours for PVHG6 PHE; 19 hours for WT and PVHG6 GUA; 11 hours for WT and 
PVHG6 HBA; 12 hours for WT and PVHG6 BEN; 24 hours for WT and PVHG6 VAN). All 
transcriptomics experiments were performed in minimal medium A. Each symbol represents a 
biological replicate. Analysis was performed with normalized counts using the variance 
179 
 
stabilizing transformation from the DESeq2 software package. PC1 = 1st principal component 
and PC2 = 2nd principal component. PHE = phenol, VAN = vanillate, HBA = 4-














































































RS13410 Type VII secretion-associated protein
RS27075 Hypothetical protein
RS13405 Type VII secretion protein EccC
RS25970 Galactonate dehydratase
RS20280 ABC transporter ATP binding protein
RS20285 ABC transporter
RS41175 ATP binding protein
RS20480 ATP binding protein
RS17305 ATP binding protein
RS17985 GGDEF domain-containing protein (pseudogene)
RS34200 ATP binding protein




RS34100 MaoC family dehydratase
RS00690 ABC transporter substrate binding protein




RS13400 Type VII secretion integral membrane protein
RS33995 CoA transferase
RS34000 Enoyl-CoA hydratase
RS43025 Hypothetical protein (pseudogene)
RS34110 Acyl-CoA dehydrogenase
RS34265 Hypothetical protein




Figure B.17. Expression of the top 30 most upregulated genes in PVHG6 compared to the 
WT strain in the mixture of lignin model compounds. Glc = 1 g/L glucose, PHE = 0.5 g/L 
phenol, VAN = 0.5 g/L vanillate, HBA = 0.5 g/L 4-hydroxbenzoate, GUA = 0.5 g/L guaiacol, 
BEN = 0.5 g/L sodium benzoate, and Multi = 0.5 g/L of phenol, vanillate, 4-hydroxybenzoate, 
guaiacol, and sodium benzoate (2.5 g/L total aromatics). t1 represents cells harvested at early 
exponential phase (10 hours for Glc; 20 hours for Multi), while t2 represents cells harvested at 
mid-exponential phase (13 hours for Glc; 32 hours for Multi). Samples from individual 
compound growth conditions were harvested at mid-exponential phase (24 hours for WT PHE, 
21 hours for PVHG6 PHE, 19 hours for WT and PVHG6 GUA, 11 hours for WT and PVHG6 
HBA, 12 hours for WT and PVHG6 BEN, and 24 hours for WT and PVHG6 VAN). All 
transcriptomics experiments were performed in minimal medium A. Raw counts were 
transformed using the variance stabilizing transformation in DESeq2. Darker colors indicate 
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Figure B.18. Growth of transporter knockout mutants compared to that of the WT strain 
using aromatic carbon sources. Cells were initially cultured in 2 mL of minimal medium A 
supplemented with 0.2 g/L of sodium benzoate, phenol, guaiacol, 4-hydroxybenzoate, and 
vanillate (1 g/L total aromatics) and 1 g/L ammonium sulfate for 24 hours, and then subcultured 
into 10 mL of the same media for 24 hours to an OD600 of ~0.5. For all data shown, cultures were 
grown in 10 mL of minimal medium A supplemented with 1 g/L ammonium sulfate as the 
nitrogen source and the carbon source as indicated in the figure with an initial OD600 of 0.05. 
Bars represent the average of three biological replicates and error bars represent one standard 
deviation. PHE = phenol, VAN = vanillate, HBA = 4-hydroxybenzoate, GUA = guaiacol, BEN = 
sodium benzoate, and Mix = 0.5 g/L of PHE, VAN, HBA, GUA and BEN (2.5 g/L total 
aromatics). ShikiT = RS31355 knockout mutant, BenT = RS30810 knockout mutant, and 











































































RS21450 LuxR transcriptional regulator 
RS21455 3-hexulose-6-phosphate isomerase
RS21460 3-hexulose-6-phosphate synthase






RS21495 AraC family transcriptional regulator
RS21500 Glucose-6-phosphate dehydrogenase
RS21505 6-phosphogluconate dehydrogenase















Figure B.19. Putative C1 metabolism during growth on vanillate and guaiacol. Heat map of 
normalized gene expression counts for genes putatively involved in C1 metabolism. Glc = 1 g/L 
glucose, PHE = 0.5 g/L phenol, VAN = 0.5 g/L vanillate, HBA = 0.5 g/L 4-hydroxbenzoate, 
GUA = 0.5 g/L guaiacol, BEN = 0.5 g/L sodium benzoate, and Multi = 0.5 g/L of phenol, 
vanillate, 4-hydroxybenzoate, guaiacol, and sodium benzoate (2.5 g/L total aromatics). t1 
represents cells harvested at early exponential phase (10 hours for Glc; 20 hours for Multi), while 
t2 represents cells harvested at mid-exponential phase (13 hours for Glc; 32 hours for Multi). 
Samples from individual compound growth conditions were harvested at mid-exponential phase 
(24 hours for WT PHE, 21 hours for PVHG6 PHE, 19 hours for WT and PVHG6 GUA, 11 hours 
for WT and PVHG6 HBA, 12 hours for WT and PVHG6 BEN, and 24 hours for WT and 
PVHG6 VAN). All transcriptomics experiments were performed in minimal medium A. Raw 
counts were transformed using the variance stabilizing transformation in DESeq2. Darker colors 
indicate higher normalized counts (see scale bar). Gene codes are from the NCBI reference 







































































RS02790 Hypothetical protein 
RS11630 Acyl-CoA dehydrogenase
RS13070 Non-ribosomal peptide synthetase
RS14345 DeoR family transcriptional regulator
RS14470 Aspartate aminotransferase













RS37840 Serine/threonine protein kinase
RS41665 Succinate semialdehyde dehydrogenase















Figure B.20. Expression of genes with SNPs in PVHG6. Heat map of normalized gene 
expression counts for genes with SNPs in PVHG6. Glc = 1 g/L glucose, PHE = 0.5 g/L phenol, 
VAN = 0.5 g/L vanillate, HBA = 0.5 g/L 4-hydroxbenzoate, GUA = 0.5 g/L guaiacol, BEN = 0.5 
g/L sodium benzoate, and Multi = 0.5 g/L of phenol, vanillate, 4-hydroxybenzoate, guaiacol, and 
sodium benzoate (2.5 g/L total aromatics). t1 represents cells harvested at early exponential phase 
(10 hours for Glc; 20 hours for Multi), while t2 represents cells harvested at mid-exponential 
phase (13 hours for Glc; 32 hours for Multi). Samples from individual compound growth 
conditions were harvested at mid-exponential phase (24 hours for WT PHE, 21 hours for 
PVHG6 PHE, 19 hours for WT and PVHG6 GUA, 11 hours for WT and PVHG6 HBA, 12 hours 
for WT and PVHG6 BEN, and 24 hours for WT and PVHG6 VAN). All transcriptomics 
experiments were performed in minimal medium A. Raw counts were transformed using the 
variance stabilizing transformation in DESeq2. Darker colors indicate higher normalized counts 








































































RS10095 Fructose bisphosphate aldolase
RS14825 Cytochrome ubiquinol oxidase subunit I
RS21245 Non-ribosomal peptide synthease
RS32480 Phosphotransferase








RS37840 Serine/threonine protein kinase
RS42725 Hypothetical protein
RS38565 Succinate semialdehyde dehydrogenase
RS41665 Succinate semialdehyde dehydrogenase
RS38570 Oxidoreductase















Figure B.21. Expression of genes with non-synonymous SNPs shared across multiple 
adaptive evolution experiments. Heat map of normalized gene expression counts for genes 
with SNPs shared across different adaptation conditions (see Table B.5). Glc = 1 g/L glucose, 
PHE = 0.5 g/L phenol, VAN = 0.5 g/L vanillate, HBA = 0.5 g/L 4-hydroxbenzoate, GUA = 0.5 
g/L guaiacol, BEN = 0.5 g/L sodium benzoate, and Multi = 0.5 g/L of phenol, vanillate, 4-
hydroxybenzoate, guaiacol, and sodium benzoate (2.5 g/L total aromatics). t1 represents cells 
harvested at early exponential phase (10 hours for Glc; 20 hours for Multi), while t2 represents 
cells harvested at mid-exponential phase (13 hours for Glc; 32 hours for Multi). Samples from 
individual compound growth conditions were harvested at mid-exponential phase (24 hours for 
WT PHE, 21 hours for PVHG6 PHE, 19 hours for WT and PVHG6 GUA, 11 hours for WT and 
PVHG6 HBA, 12 hours for WT and PVHG6 BEN, and 24 hours for WT and PVHG6 VAN). All 
transcriptomics experiments were performed in minimal medium A. Raw counts were 
transformed using the variance stabilizing transformation in DESeq2. Darker colors indicate 
























































































Figure B.22. Calibration curves for estimation of lignin model compound concentrations. 
Wavelength used for each calibration curve is listed on the x-axis of each plot, and the fitted 
correlation equation used to calculate concentrations are listed in each plot. A. Guaiacol 
calibration curve. B. Phenol calibration curve. C. 4-hydroxybenzoate calibration curve. D. 
Vanillate calibration curve. E. Sodium benzoate calibration curve. For A-D, measurements were 
performed by diluting 5 g/L stock solutions prepared in minimal medium A with no carbon or 
nitrogen sources and then measuring absorbance using a TECAN Infinite M200 Pro plate reader 
in a UV transparent 96 well plate. For E, dilutions were performed in the same way, but 
absorbance was measured using a Nanodrop 2000 with a quartz cuvette. See Materials and 
Methods for more information about measurement of lignin model compounds. PHE = phenol, 









Table B.1. Adaptive evolution summary. Concentrations listed are final concentrations from 
adaptation. PCA = protocatechuate, GUA = guaiacol, PHE = phenol, HBA = 4-hydroxybenzoate, 
VAN = vanillate, BEN = sodium benzoate, and GLC = glucose. * No.: 3 = P, 14 = PV, 25 = 





















1 40 4.58 - - - - - - 4.58 
2 83 - 1.67 - - - - - 1.67 
3 80 - - 1.50 - - - - 1.50 
4 60 - - - 3.09 - - - 3.09 
5 48 - - - - 2.06 - - 2.06 
6 56 2.85 0.47 - - - - - 3.32 
7 63 3.32 - 0.55 - - - - 3.87 
8 60 2.63 - - 0.88 - - - 3.51 
9 62 3.24 - - - 1.08 - - 4.32 
10 62 - 0.64 0.64 - - - - 1.27 
11 42 - 0.30 - 1.06 - - - 1.36 
12 59 - 1.10 - - 1.10 - - 2.19 
13 58 - - 1.05 1.05 - - - 2.09 
14 71 - - 1.16 - 1.16 - - 2.32 
15 56 - - - 1.41 1.41 - - 2.82 
16 64 1.34 0.22 0.22 - - - - 1.78 
17 64 2.91 0.48 - 0.48 - - - 3.88 
18 74 3.18 0.53 - - 0.53 - - 4.25 
19 60 2.14 - 0.36 0.36 - - - 2.86 
20 74 3.19 - 0.53 - 0.53 - - 4.25 
21 74 2.26 - - 0.75 0.38 - - 3.39 
22 101 - 0.59 0.59 1.19 - - - 2.37 
23 70 - 0.34 0.34 - 0.69 - - 1.37 
24 79 - 0.66 - 1.33 1.33 - - 3.32 
25 67 - - 0.49 0.98 0.98 - - 2.44 
26 54 1.36 0.23 0.23 0.45 - - - 2.26 
27 104 - 0.49 0.49 0.98 0.98 - - 2.95 
28 50 1.54 - 0.26 0.51 0.51 - - 2.82 
29 42 2.99 0.50 0.50 - 1.00 - - 4.98 
30 57 1.52 0.25 - 0.51 0.51 - - 2.78 
31 60 1.51 0.25 0.25 0.50 0.50 - - 3.02 
32 72 - - - - - - 419.0 0 







Table B.2. Summary of comparative genomics of adapted strains. SNPs = single nucleotide 
polymorphisms; INDELs = insertions or deletions.  
Sample 








# of Silent 
SNPs 






P1 42 13 3 26 1 No Yes 
P2 45 16 3 26 1 No Yes 
P3 51 20 3 28 1 No Yes 
P4 46 15 3 28 1 No Yes 
P5 44 13 4 27 1 No Yes 
P6 50 16 4 30 1 No Yes 
PV1 29 9 1 19 0 No Yes 
PV2 29 9 1 19 1 No Yes 
PV3 36 9 3 24 0 No Yes 
PV4 28 8 1 19 0 No Yes 
PV5 30 10 1 19 0 No Yes 
PV6 34 11 2 21 1 No Yes 
PVH1 43 17 2 24 1 No Yes 
PVH2 36 14 2 20 1 No Yes 
PVH3 44 18 2 24 2 No Yes 
PVH5 45 19 2 24 2 No Yes 
PVH6 33 15 1 17 1 No Yes 
PVHG1 28 16 2 10 1 Yes Yes 
PVHG2 28 17 2 9 1 Yes Yes 
PVHG3 45 19 4 22 1 Yes Yes 
PVHG4 26 16 1 9 1 Yes Yes 
PVHG5 43 17 2 24 1 Yes Yes 
PVHG6 45 19 2 24 1 Yes Yes 
B1 3 2 0 1 0 No Yes 
B2 21 13 1 7 0 No No 
B3 10 6 2 2 0 No No 
B4 14 6 2 6 0 No No 
B5 46 20 3 23 0 Yes Yes 
B6 18 13 2 3 0 No No 
Glc1 30 17 2 11 0 Yes No 
Glc2 8 5 1 2 0 No No 
Glc3 28 14 3 11 0 Yes No 
Glc4 27 13 2 12 0 Yes No 
Glc5 7 4 1 2 0 No No 








Table B.3. INDELs in adapted strains. INDELs were identified using Pilon variant calling, 
filtered with GATK, and verified with de novo assembly of the sequenced reads using SPAdes. 
Putative annotations are from NCBI reference sequence NC_CP003949.1. See Materials and 
Methods for more information. “All” indicates all sequenced strains isolated from the indicated 
adaptation condition. Strain names indicate adaptation condition from which the strain 
originated: P = phenol adaptation condition, PV = phenol and vanillate adaptation condition, 
PVH = phenol, vanillate, and 4-hydroxybenzoate adaptation condition, and PVHG = phenol, 
vanillate, 4-hydroxybenzoate, and guaiacol adaptation condition. Base Mean Expression is the 
average of the normalized counts from WT and PVHG6 transcriptomic data from all growth 
conditions. 
Strains Gene ID Annotation Type Location 
Base Mean 
Expression 
All PVHG, All PVH RS03610 
penicillin binding 
protein 
Insertion (1 bp) Chromosome 8,100 
PV2 RS18950 hypothetical protein Insertion (5 bp) Chromosome 334 




Insertion (1 bp) Chromosome 753 
PVH3, PVH5 RS40520 hypothetical protein Insertion (1 bp) Plasmid 8 116 
 
Table B.4.  Shared SNPs between strains isolated from the same adaptation condition. 
Genes with non-synonymous and intergenic SNPs that are shared between strains isolated from 
the same adaptation condition are shown. For intergenic SNPs, the nearest gene in each direction 
is listed. Some genes have more than one shared SNP.   
Adaptation 
Condition 
Gene ID Annotation 
P RS01890/RS41735 superoxide dismutase/hypothetical protein 
 
RS14825 cytochrome ubiquinol oxidase subunit I 
 
RS21470 hypothetical protein 
 
RS37785/RS37790 SDR family mycofactocin-dependent oxidoreductase/hypothetical protein 
 
RS37790 hypothetical protein 
 
RS37795 hypothetical protein 
 
RS37805 amino acid permease 
 
RS37810 3-oxoacyl-ACP reductase 
 
RS37810/RS37815 3-oxoacyl-ACP reductase/LLM class flavin-dependent oxidoreductase 
 
RS37870 exoribonuclease II 
PV RS01890 superoxide dismutase 
 
RS10095 class II fructose-bisphosphate aldolase 
 
RS14825 cytochrome ubiquinol oxidase subunit I 
 
RS42075 hypothetical protein (pseudogene) 
 
RS37805 amino acid permease 
 
RS37810 3-oxoacyl-ACP reductase 
 
RS37810/RS37815 3-oxoacyl-ACP reductase/LLM class flavin-dependent oxidoreductase 
PVH RS00415 AMP-dependent synthetase 
 
RS02720 membrane protein 
 




RS08140 phosphoenolpyruvate carboxykinase 
 
RS11540 4-hydroxy-2-oxovalerate aldolase 
 
RS14825 cytochrome ubiquinol oxidase subunit I 
 
RS25200 L-ectoine synthase 
 
RS27825 alpha/beta hydrolase 
 
RS37805 amino acid permease 
 
RS37810 3-oxoacyl-ACP reductase 
 
RS37810/RS37815 3-oxoacyl-ACP reductase/LLM class flavin-dependent oxidoreductase 
PVHG RS01890 superoxide dismutase 
 
RS11630 acyl-CoA dehydrogenase 
 
RS13070 non-ribosomal peptide synthetase 
 
RS14825 cytochrome ubiquinol oxidase subunit I 
 






RS37785/RS37790 SDR family mycofactocin-dependent oxidoreductase/hypotheical protein 
 
RS37790 hypothetical protein 
 
RS39015 serine/threonine-protein kinase PknK 
B RS03790 cold-shock protein 
 
RS08140 phosphoenolpyruvate carboxykinase 
Glc RS13475 glutamine--fructose-6-phosphate aminotransferase 
 
RS15825 LysR family transcriptional regulator 
 
RS24210 alpha-(1→6)-mannopyranosyltransferase A 
 
Table B.5. Genes with non-synonymous SNPs or intergenic SNPs found across multiple 
adaptation experiments (including the glucose adaptation experiment). For intergenic SNPs, 
the nearest gene in each direction is listed. Some genes have more than one shared SNP. Putative 
annotations are from NCBI reference sequence NZ_CP003949.1. “All” indicates that all 
sequenced strains isolated from the indicated adaptation condition contain either non-
synonymous SNPs or intergenic SNPs that could affect gene expression. Base Mean Expression 








All P, All PV, PVH6, All PVHG RS01890 superoxide dismutase Chromosome 32,010 
All B, All PVH RS08140 phosphoenolpyruvate carboxykinase Chromosome 30,198 
P2, P3, P6, All PV RS10095 class II fructose-bisphosphate aldolase Chromosome 5,291 
All P, All PV, All PVH, All PVHG RS14825 cytochrome ubiquinol oxidase subunit I Chromosome 23,629 
PV5, B2, Glc6 RS21245 non-ribosomal peptide synthetase Chromosome 110 
PV3, All PVHG RS32480 phosphotransferase Chromosome 285 





Plasmid 1 8/103 
All P, PVH3, All PVHG, B5, Glc1, 
Glc3, Glc4, Glc6 
RS37790 hypothetical protein Plasmid 1 103 
All P, B5, Glc1, Glc3, Glc4, Glc6 RS37795 hypothetical protein Plasmid 1 17 
All P, All PV, All PVH, PVHG3, 
PVHG5, PVHG6, B4, B5, Glc1, Glc3, 
Glc4, Glc6 
RS37805 amino acid permease Plasmid 1 278 
All P, All PV, All PVH, PVHG3, 
PVHG5, PVHG6, B5, Glc1, Glc3, 
Glc4, Glc6 
RS37810 3-oxoacyl-ACP reductase Plasmid 1 26 
189 
 
All P, All PV, All PVH, PVHG3, 






Plasmid 1 26/374 
P2, P3, P4, P5,P6, PVHG2,PVHG4, 




Plasmid 1 24 
P1, P2, P3, P4, P6, PV6, PVHG2, 
PVHG4, PVHG5, PVHG6, B3, B4, B5, 




Plasmid 1 6 
P5, PV3, PVH3, PVH5, B6 RS38570 FAD-binding oxidoreductase (pseudogene) Plasmid 1 60 
P2, P3, P4, P5, P6, All PVHG RS39015 serine/threonine-protein kinase PknK Plasmid 3 354 
 
Table B.6. Phyre2 results for cytochrome ubiquinol oxidase I (RS14825). The native protein 
was modeled using the Protein Homology/analogY Recognition Engine 
(www.sbg.bio.ic.ac.uk/~phyre2/). 96% of residues were modeled at >90% confidence using the 
template protein 2YEV. Mutational sensitivity is defined as the likelihood of an amino acid 










Located in  
binding pocket? 
All P, All PVHG G to A A272 to T 6 Transmembrane helix Yes 
All PV T to C I309 to T 5 Transmembrane helix No 
All PVH T to G F366 to V 8 Transmembrane helix No 
 
Table B.7. Phyre2 results for superoxide dismutase (RS01890). The native protein was 
modeled using the Protein Homology/analogY Recognition Engine 
(www.sbg.bio.ic.ac.uk/~phyre2/). 96% of residues were modeled at >90% confidence using the 
template protein 1GN4. Mutational sensitivity is defined as the likelihood of an amino acid 











All P C to T 
None, in 
regulatory region 
Not applicable Not applicable Not applicable 
All PV A to C V191 to G 8 Alpha helix No 
PVH6 A to G V37 to G 7 Alpha helix No 









Table B.8. Growth characteristics of the WT and adapted strains using a mixture of lignin 
model compounds as carbon sources (2.5 g/L total aromatics). Growth experiments were 
performed in minimal medium A. Growth rates were calculated using at least four time points in 
the log phase. Statistical significance was determined with a threshold of P < 0.05 using a one 
mean, two-tailed Student’s t-test. Growth rate and OD600 values are shown as the average of 
three biological replicates ± one standard deviation. 







OD600 after 70 hr 
significantly higher than 
WT? 
Max OD600 significantly 
higher than WT? 
WT 0.073 ± 0.001 0.54 ± 0.01 0.61 ± 0.01 not applicable not applicable not applicable 
P1 0.084 ± 0.002 0.78 ± 0.02 0.81 ± 0.01 yes, P = 5.3 x 10-4 yes, P = 2.1 x 10-5 yes, P = 2.2 x 10-5 
PV1 0.079 ± 0.002 0.82 ± 0.15 1.07 ± 0.13 yes, P = 0.0033 yes, P = 0.030 yes, P = 0.0034 
PVH5 0.088 ± 0.001 0.55 ± 0.03 0.55 ± 0.03 yes, P = 7.2 x 10-5 no, P = 0.77 no, P = 0.053 
PVHG6 0.088 ± 0.001 1.08 ± 0.02 1.08 ± 0.02 yes, P = 2.6 x 10-6 yes, P = 3.8 x 10-6 yes, P = 5.1 x 10-6 
B2 0.085 ± 0.004 0.62 ± 0.03 0.69 ± 0.05 yes, P = 0.0086 yes, P = 0.019 no, P = 0.073 
 
 
Table B.9. Growth characteristics of the WT and adapted strains using a mixture of lignin 
model compounds as carbon sources (3.0 g/L total aromatics). Growth experiments were 
performed in minimal medium A. Growth rates were calculated using at least four time points in 
the log phase. Statistical significance was determined with a threshold of P < 0.05 using a one 
mean, two-tailed Student’s t-test. Growth rate and OD600 values are shown as the average of 











WT 0.059 ± 0.004 0.42 ± 0.02 not applicable not applicable 
P1 0.075 ± 0.001 0.73 ± 0.01 yes, P = 0.004 yes, P = 3.8 x 10-6 
PV1 0.072 ± 0.004 0.74 ± 0.17 yes, P = 0.016 yes, P = 0.029 
PVH5 0.073 ± 0.005 0.44 ± 0.04 yes, P = 0.021 no, P = 0.38 
PVHG6 0.079 ± 0.001 0.77 ± 0.08 yes, P = 0.001 yes, P = 0.001 








Table B.10. Half maximal inhibitory concentration (IC50) of individual lignin model 
compounds for WT and PVHG6 strains. Growth experiments were performed in minimal 
medium A. IC50 values were calculated using Prism (GraphPad Software, Inc.) with a four 
parameter inhibitor response curve from OD600 measurements after 54 hours of growth. 
Statistical significance was determined with a threshold of P < 0.05 using a one mean, two-tailed 







PVHG6 vs. WT 
difference (%) 
PVHG6 significantly different 
from WT? 
Phenol 1.07 ± 0.05 1.25 ± 0.01 17 yes, P = 0.003 
Vanillate 2.12 ± 0.03 2.00 ± 0.05 -6 yes, P = 0.025 
4-hydroxybenzoate 2.71 ± 0.02 2.73 ± 0.01 1 no, P = 0.157 
Guaiacol 1.64 ± 0.04 1.90 ± 0.03 16 yes, P = 0.008 
Sodium benzoate 7.41 ± 0.31 6.87 ± 0.16 -7 no, P = 0.055 
 
 
Table B.11. Data from genome sequencing and RNA-Seq performed in this study. See the 
supplementary Excel file for Tables.  
Tab 1. All SNPs in adapted strains organized by strain. 
Tab 2. All SNPs in adapted strains organized by genome order. 
Tab 3. All INDELs in adapted strains. 
Tab 4. Summary of transcriptomic data for genes with mutations, -ketoadipate pathway genes, 
funneling pathway genes, aromatic transporter genes, and C1 metabolism genes.   
Tabs 5-26. Comparison of gene expression between samples using DESeq2. 
Note: This file will be available once this manuscript is published at Metabolic Engineering. It is 









Table B.12. Homology of RS34105 and RS34095 (upregulated in PVHG6 compared to WT) 
to putative 3-oxoadipyl-CoA thiolases. R. opacus PD630 proteins were compared to the R. 
opacus PD630 proteome and the R. jostii RHA1 proteome using NCBI blastp 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The E value represents the number of hits expected by 
random chance when searching the database (the smaller value, the more significant match). The 
amino acid positive percent identity between each protein pair is reported as the number of 
identical or physically similar amino acids. If the protein has been characterized and named, the 
name is listed under notes.  
R. opacus Gene code Gene code 
Amino Acid Positive  
% Identity 
E value Notes 
Pd630_RS34105 RHA1_ro02517 306/403 (75%) 0 CatF 
 RHA1_ro01340 309/406 (76%) 0 PcaF 
 RHA1_ro02863 220/417 (52%) 5e-81 PaaE 
 Pd630_RS31575 303/401 (75%) 0 N/A 
 Pd630_RS25375 309/406 (76%) 0 N/A 
Pd630_RS34095 RHA1_ro02517 261/394 (66%) 3e-139 CatF 
 RHA1_ro01340 259/403 (64%) 2e-127 PcaF 
 RHA1_ro02863 229/412 (55%) 2e-70 PaaE 
 Pd630_RS31575 262/396 (66%) 1e-135 N/A 
 Pd630_RS25375 259/403 (64%) 1e-123 N/A 
 
Table B.13. Homology of aromatic degradation enzymes in Rhodococcus opacus PD630 to 
enzymes in Rhodococcus jostii RHA1 and Rhodococcus opacus 1CP. Protein sequences from 
R. opacus PD630 were compared to the R. jostii RHA1 and R. opacus 1CP protein sequences 
using NCBI blastp (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The E value represents the number 
of hits expected by random chance when searching the database (the smaller value, the more 
significant match). The amino acid positive percent identity between each protein pair is reported 
as the number of identical or physically similar amino acids. If the protein has been characterized 
and named, the name is listed under notes.  
Fig. 3.5 genes (R. jostii RHA1) 
R. opacus PD630 
gene code 
Putative annotation 
R. jostii RHA1 
gene code 
R. jostii % positive 
identity 
R. jostii 
 E value 
Notes 
RS31555 
Two-component phenol hydroxylase, 
reductase component 
RHA1_ro02513 189/190 (99%) 3E-139 PheA2 
RS31560 
Two-component phenol hydroxylase, 
oxygenase component 
RHA1_ro02514 537/538 (99%) 0 PheA1 
RS30765 
Two-component phenol hydroxylase, 
reductase component 
RHA1_ro02379 184/186 (98%) 5E-139 N/A 
RS30770 
Two-component phenol hydroxylase, 
oxygenase component 
RHA1_ro02380 535/538 (99%) 0 N/A 
RS02665 
Putative vanillate demethylase, reductase 
component 
RHA1_ro04163 308/319 (96%) 0 N/A 
RS02670 Hypothetical protein RHA1_ro04164 69/71 (97%) 3E-33 N/A 
RS02675 
Putative vanillate demethylase, oxygenase 
component 
RHA1_ro04165 352/354 (99%) 0 N/A 
RS31670 TetR family transcriptional regulator RHA1_ro02538 208/208 (100%) 6E-150 N/A 
RS31675 4-hydroxybenzoate 3-monooxygenase RHA1_ro02539 390/392 (99%) 0 N/A 
RS30780 Cytochrome P450 RHA1_ro02382 401/403 (99%) 0 N/A 
RS30785 Putative cytochrome P450 reductase RHA1_ro02383 320/329 (97%) 0 N/A 
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RS21470 Hypothetical protein RHA1_ro02514 63/75 (84%) 3E-32 N/A 
RS21475 Cytochrome P450 RHA1_ro08068 380/440 (86%) 0 N/A 
RS21480 Putative cytochrome P450 reductase RHA1_ro11319 284/323 (87%) 0 N/A 
RS21485 Hypothetical protein none N/A N/A N/A 
RS30790 Benzoate 1,2 dioxygenase subunit A RHA1_ro02384 458/458 (100%) 0 BenA 
RS30795 Benzoate 1,2 dioxygenase subunit B RHA1_ro02385 167/169 (98%) 5E-124 BenB 
RS30800 
Benzoate 1,2 dioxygenase ferredoxin 
reductase 




RHA1_ro02387 262/264 (99%) 0 BenD 
Fig. 3.5 genes (R. opacus 1CP) 
R. opacus PD630 
gene code 
Putative annotation 
R. opacus 1CP 
gene code 




 E value 
Notes 
RS31555 
Two-component phenol hydroxylase, 
reductase component 
R1CP_30420 188/190(98%) 7e-139 PheA2 
RS31560 
Two-component phenol hydroxylase, 
oxygenase component 
R1CP_30425 536/538(99%) 0.0 PheA1 
RS30765 
Two-component phenol hydroxylase, 
reductase component 
R1CP_29650 185/186(99%) 1e-139 N/A 
RS30770 
Two-component phenol hydroxylase, 
oxygenase component 
R1CP_29655 534/538(99%) 0 N/A 
RS31670 TetR family transcriptional regulator R1CP_30540 207/208(99%) 3e-148 N/A 
RS31675 4-hydroxybenzoate 3-monooxygenase R1CP_30545 392/392(100%) 0 N/A 
RS30790 Benzoate 1,2 dioxygenase subunit A R1CP_29675 458/458 (100%) 0 BenA 
RS30795 Benzoate 1,2 dioxygenase subunit B R1CP_29680 169/169 (100%) 0 BenB 
RS30800 
Benzoate 1,2 dioxygenase ferredoxin 
reductase 




R1CP_29690 262/264 (99%) 0 BenD 
Fig. 3.6 genes 
R. opacus PD630 
gene code 
Putative annotation 
R. jostii RHA1 
gene code 












RHA1_ro01334 249/249 (100%) 0 PcaI 
RS25350 Protocatechuate 3,4-dioxygenase subunit A RHA1_ro01335 230/233 (98%) 1E-173 PcaH 
RS25355 Protocatechuate 3,4-dioxygenase subunit B RHA1_ro01336 211/213 (99%) 2E-152 PcaG 




RHA1_ro01338 393/400 (98%) 0 PcaC 
RS25370 IcIR family transcriptional regulator RHA1_ro01339 264/265 (99%) 0 PcaR 
RS25375 Putative 3-oxoadipyl-CoA thiolase RHA1_ro01340 401/403 (99%) 0 PcaF 
RS31565 Catechol 1,2-dioxygenase RHA1_ro02515 278/282 (98%) 0 CatA2 
RS31570 Putative 3-oxoadipate enol-lactonase RHA1_ro02516 257/264 (97%) 0 MhpC 
RS31575 Putative 3-oxoadipyl-CoA thiolase RHA1_ro02517 402/410 (98%) 0 CatF 
RS30720 ROK family transcriptional regulator RHA1_ro02370 396/397 (99%) 0 N/A 
RS30725 Muconolactone delta-isomerase RHA1_ro02371 92/93 (98%) 3E-65 CatC 
RS30730 Muconate cycloisomerase I RHA1_ro02372 370/373 (99%) 0 CatB 
RS30735 Catechol 1,2-dioxygenase RHA1_ro02373 279/280 (99%) 0 CatA 





Table B.14. Lignin model compound concentrations for Fig. 3.2 seed cultures and colony 
purification of adapted cultures. For the strains not used for Fig. 3.2, the listed concentrations 
can be used for their seed cultures. PCA = protocatechuate, GUA = guaiacol, PHE = phenol, 
HBA = 4-hydroxybenzoate, VAN = vanillate, BEN = sodium benzoate, and GLC = glucose. * 
















1 2 - - - - - - 
2 - 0.5 - - - - - 
3 - - 0.5 - - - - 
4 - - - 1 - - - 
5 - - - - 1 - - 
6 1 0.3 - - - - - 
7 1 - 0.3 - - - - 
8 1 - - 0.5 - - - 
9 1 - - - 0.5 - - 
10 - 0.3 0.3 - - - - 
11 - 0.3 - 0.5 - - - 
12 - 0.3 - - 0.5 - - 
13 - - 0.3 0.5 - - - 
14 - - 0.3 - 0.5 - - 
15 - - - 0.5 0.5 - - 
16 0.75 0.2 0.2 - - - - 
17 0.75 0.2 - 0.3 - - - 
18 0.75 0.2 - - 0.3 - - 
19 0.75 - 0.2 0.3 - - - 
20 0.75 - 0.2 - 0.3 - - 
21 0.75 - - 0.3 0.3 - - 
22 - 0.2 0.2 0.3 - - - 
23 - 0.2 0.2 - 0.3 - - 
24 - 0.2 - 0.3 0.3 - - 
25 - - 0.2 0.3 0.3 - - 
26 0.5 0.1 0.1 0.2 - - - 
27 - 0.1 0.1 0.2 0.2 - - 
28 0.5 - 0.1 0.2 0.2 - - 
29 0.5 0.1 0.1 - 0.2 - - 
30 0.5 0.1 - 0.2 0.2 - - 
31 0.4 0.1 0.1 0.1 0.1 - - 
32 - - - - - - 100 







Table B.15. Lignin model compound concentrations for Fig. 3.2 subcultures. For the strains 
not used for Fig. 3.2, the listed concentrations can be used for their subcultures. PCA = 
protocatechuate, GUA = guaiacol, PHE = phenol, HBA = 4-hydroxybenzoate, VAN = vanillate, 
BEN = sodium benzoate, and GLC = glucose. * No.: 3 = P, 14 = PV, 25 = PVH, 27 = PVHG, 32 
















1 2.29 - - - - - - 
2 - 0.84 - - - - - 
3 - - 0.75 - - - - 
4 - - - 1.54 - - - 
5 - - - - 1.03 - - 
6 1.42 0.24 - - - - - 
7 1.66 - 0.28 - - - - 
8 1.32 - - 0.44 - - - 
9 1.62 - - - 0.54 - - 
10 - 0.32 0.32 - - - - 
11 - 0.15 - 0.53 - - - 
12 - 0.55 - - 0.55 - - 
13 - - 0.52 0.52 - - - 
14 - - 0.58 - 0.58 - - 
15 - - - 0.70 0.70 - - 
16 0.67 0.11 0.11 - - - - 
17 1.45 0.24 - 0.24 - - - 
18 1.59 0.27 - - 0.27 - - 
19 1.07 - 0.18 0.18 - - - 
20 1.59 - 0.27 - 0.27 - - 
21 1.13 - - 0.38 0.19 - - 
22 - 0.30 0.30 0.59 - - - 
23 - 0.17 0.17 - 0.34 - - 
24 - 0.33 - 0.66 0.66 - - 
25 - - 0.24 0.49 0.49 - - 
26 0.68 0.11 0.11 0.23 - - - 
27 - 0.25 0.25 0.49 0.49 - - 
28 0.77 - 0.13 0.26 0.26 - - 
29 1.49 0.25 0.25 - 0.50 - - 
30 0.76 0.13 - 0.25 0.25 - - 
31 0.75 0.13 0.13 0.25 0.25 - - 
32 - - - - - - 210 







Table B.16. Summary of heterologous plasmids used in this work.   
 
 
Table B.17. Summary of strains constructed using heterologous plasmids in Table B.16.    
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pDD120 pConstitutive.Che9c60.Che9c61 pB264 Kanamycin 6247 
Delorenzo et al. 
2018 (1) 
pDD163 RS30730 knockout vector Integrative/p15a Hygromycin B 3268 This study 
pDD174 RS25360 knockout vector Integrative/p15a Gentamicin 4249 This study 
pDD175 RS30810 knockout vector Integrative/p15a Hygromycin B 3373 This study 
pDD176 RS33590 knockout vector Integrative/p15a Hygromycin B 3336 This study 
pDD177 RS031355 knockout vector Integrative/p15a Hygromycin B 3327 This study 
Strain 
name 





DMD155 Escherichia coli DH10B pDD120 N/A 
DMD250 Escherichia coli DH10B pDD163 N/A 
DMD251 Rhodococcus opacus PD630 pDD163 Fig. 3.6C 
DMD258 Escherichia coli DH10B pDD177 N/A 
DMD270 Escherichia coli DH10B pDD174 N/A 
DMD274 Escherichia coli DH10B pDD175 N/A 
DMD275 Escherichia coli DH10B pDD176 N/A 
DMD281 Rhodococcus opacus PD630 pDD174 Fig. 3.6D 
DMD282 Rhodococcus opacus PD630 pDD177 Fig. B.18 
DMD283 Rhodococcus opacus PD630 pDD175 Fig. B.18 
DMD284 Rhodococcus opacus PD630 pDD176 Fig. B.18 
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Appendix C: Supplementary Data for Lipid 













































































Figure C.1. Double bond (DB) numbers of mycolic acid (MA) species. A. Distribution of 
mycolic acid DB numbers. B. Average mycolic acid DB numbers. The average DB number was 
calculated using the following equation: , where F is the 
fraction of the total mycolic acids with a particular double number and n is the corresponding 
double bond number. WTG = WT strain grown in 1 g/L glucose, 40G = evol40 grown in 1 g/L 
glucose. WTLP = WT strain grown in 0.75 g/L phenol, 40LP = evol40 strain grown in 0.75 g/L 
phenol, 40HP = evol40 strain grown in 1.5 g/L phenol. MA percentage is defined as the total ion 
counts of each category (i.e. DB number) divided by the total ion counts of all detected MA 
species in the sample. Bars represent the average of three replicates, and error bars represent one 
standard deviation. For A, statistical significance was calculated using a one mean, two tailed 
Student’s t-test with P < 0.05 as a threshold for statistical significance. Letters above bars 
indicate statistical significance between strain/growth conditions. For A, a = WTLP vs. 40LP, b 
= WTLP vs. 40HP, c = 40LP vs. 40HP, d = WTG vs. WTLP, e = 40G vs. 40LP, f = 40G vs. 




































Figure C.2. Average mycolic acid (MA) carbon (C) numbers. WTG = WT strain grown in 1 
g/L glucose, 40G = evol40 grown in 1 g/L glucose. WTLP = WT strain grown in 0.75 g/L 
phenol, 40LP = evol40 strain grown in 0.75 g/L phenol, 40HP = evol40 strain grown in 1.5 g/L 
phenol. The average C number was calculated using the following equation: 
, where F is the fraction of the total mycolic acids with a 
particular carbon number and C is the corresponding carbon number. Bars represent the average 
of three replicates, and error bars represent one standard deviation. Statistical significance was 
calculated using a one mean, two tailed Student’s t-test with P < 0.05 as a threshold for statistical 




















































































































































Figure C.3. Carbon (C) number distribution of mycolic acid species. WTG = WT strain 
grown in 1 g/L glucose, 40G = evol40 grown in 1 g/L glucose. WTLP = WT strain grown in 0.75 
g/L phenol, 40LP = evol40 strain grown in 0.75 g/L phenol, 40HP = evol40 strain grown in 1.5 
g/L phenol. Mycolic acid percentage is defined as the total ion counts of each category (i.e. C 
number) divided by the total ion counts of all detected mycolic acid species in the sample. Bars 





Figure C.4. Phosphatidylinositol (PI) and phosphatidylethanolamine (PE) average carbon 
(C) number and unsaturation percentage. A. Average PI carbon number. B. Average PE 
carbon number. C. Percentage of unsaturated PI species. D. Percentage of unsaturated PE 
species. WTG = WT strain grown in 1 g/L glucose, 40G = evol40 grown in 1 g/L glucose. 
WTLP = WT strain grown in 0.75 g/L phenol, 40LP = evol40 strain grown in 0.75 g/L phenol, 
40HP = evol40 strain grown in 1.5 g/L phenol. The average C number was calculated using the 
following equation: , where F is the fraction of the total PI or 
PE species with a particular carbon number and C is the corresponding carbon number. 
Unsaturated PI (or PE) percentage is defined as the total ion counts of unsaturated PI (or PE) 
species divided by the total ion counts of all detected PI (or PE) species in the sample. Bars 
represent the average of three replicates, and error bars represent one standard deviation. 
Statistical significance was calculated using a one mean, two tailed Student’s t-test with P < 0.05 
as a threshold for statistical significance. For C and D, * indicates P < 0.05, ** indicates P < 







Figure C.5. Carbon (C) number distribution of phospholipid (PL) species. WTG = WT 
strain grown in 1 g/L glucose, 40G = evol40 grown in 1 g/L glucose. WTLP = WT strain grown 
in 0.75 g/L phenol, 40LP = evol40 strain grown in 0.75 g/L phenol, 40HP = evol40 strain grown 
in 1.5 g/L phenol. PL percentage is defined as the total ion counts of each category (i.e. C 
number) divided by the total ion counts of all detected PL species in the sample. Bars represent 
the average of three replicates, and error bars represent one standard deviation. Statistical 
significance was calculated using a one mean, two tailed Student’s t-test with P < 0.05 as a 
threshold for statistical significance. Letters above bars indicate statistical significance between 
strain/growth conditions. a = WTLP vs. 40LP, b = WTLP vs. 40HP, c = 40LP vs. 40HP, d = 


























































































Figure C.6. Triacylglycerol (TAG) double bond (DB) numbers. A. Distribution of TAG 
double bond (DB) numbers. B. Average TAG DB numbers. The average DB number for each 
sample was calculated using the following equation: , where F 
is the fraction of the total TAGs with a particular double number and n is the corresponding 
double bond number. WTG = WT strain grown in 1 g/L glucose, 40G = evol40 grown in 1 g/L 
glucose. WTLP = WT strain grown in 0.75 g/L phenol, 40LP = evol40 strain grown in 0.75 g/L 
phenol, 40HP = evol40 strain grown in 1.5 g/L phenol. TAG percentage is defined as the total 
ion counts of each category (i.e. DB number) divided by the total ion counts of all detected TAG 
species in the sample. Bars represent the average of three replicates, and error bars represent one 
standard deviation. For A, statistical significance was calculated using a one mean, two tailed 
Student’s t-test with P < 0.05 as threshold for statistical significance. Letters above bars indicate 
statistical significance between strain/growth conditions. For A, a = WTLP vs. 40LP, b = WTLP 
vs. 40HP, c = 40LP vs. 40HP, d = WTG vs. WTLP, e = 40G vs. 40LP, f = 40G vs. 40HP. For B, 
















































































































Figure C.7. Triacylglycerol (TAG) carbon (C) number distribution. WTG = WT strain 
grown in 1 g/L glucose, 40G = evol40 grown in 1 g/L glucose. WTLP = WT strain grown in 0.75 
g/L phenol, 40LP = evol40 strain grown in 0.75 g/L phenol, 40HP = evol40 strain grown in 1.5 
g/L phenol. TAG percentage is defined as the total ion counts of each category (i.e. C number) 
divided by the total ion counts of all detected TAG species in the sample. Bars represent the 






























Figure C.8. Average triacylglycerol (TAG) carbon (C) number by strain and growth 
condition. WTG = WT strain grown in 1 g/L glucose, 40G = evol40 grown in 1 g/L glucose. 
WTLP = WT strain grown in 0.75 g/L phenol, 40LP = evol40 strain grown in 0.75 g/L phenol, 
40HP = evol40 strain grown in 1.5 g/L phenol. The average C number for each sample was 
calculated using the following equation: , where F is the fraction 
of the total TAGs with a particular carbon number and C is the corresponding carbon number. 
Bars represent the average of three replicates, and error bars represent one standard deviation.  
Statistical significance was calculated using a one mean, two tailed Student’s t-test with P < 0.05 
as threshold for statistical significance. * indicates P < 0.05, ** indicates P < 0.01, *** indicates 












Table C.1. Excel file containing the lipid library and lipid library matches from LC/MS 
data. For all tabs, WTG = WT strain grown in 1 g/L glucose (glucose), 40G = evol40 grown in 
glucose, WTLP = WT strain grown in 0.75 g/L phenol (low phenol), 40LP = evol40 strain grown 
in low phenol, 40HP = evol40 strain grown in 1.5 g/L phenol (high phenol), and SD = standard 
deviation. Lipid species are abbreviated using their carbon number (C) and double bond number 
(DB), where the carbon number is the number of acyl carbons and the double bond number is the 
number of double bonds and cyclopropane units on acyl chains. 
Tab 1. TAG library. Library of triacylglycerol (TAG) species based on MSn data. 
Lipid species in the library that were observed in MSn analysis (Observed MSn column) 
are indicated using “x” (see Table 4.3). 
Tab 2. TAG data. Normalized TAG species ion counts from LC/MS data. Species 
amounts in each replicate (rep) are normalized by dividing the total ion counts of 
individual species by the total ion counts of all detected TAG species in the sample. 
Tab 3. PL library. Library of phospholipid (PL) species based on MSn data. Lipid 
species in the library that were observed in MSn analysis (Observed MSn column) are 
indicated using “x” (see Table 4.1). 
Tab 4. PL data. Normalized PL species ion counts from LC/MS data. Species 
amounts in each replicate (rep) are normalized by dividing the total ion counts of 
individual species by the total ion counts of all detected phosphatidylinositol (PI) or 
phosphatidylethanolamine (PE) species in the sample.  
Tab 5. MA library. Library of mycolic acid (MA) species based on MSn data. Lipid 
species in the library that were observed in MSn analysis (Observed MSn column) are 
indicated using “x” (see Table 4.2). 
Tab 6. MA data. Normalized MA species ion counts from LC/MS data. Species 
amounts in each replicate (rep) are normalized by dividing the total ion counts of 
individual species by the total ion counts of all detected MA species in the sample. 
Note: This file will be available online once this manuscript is published. It is also available 
upon reasonable request at williamrhenson@gmail.com. 
 
